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Summary

The computer program Coolant Passage Flow (CPF) was
developed specifically for radial turbomachinery but can be
used to analyze any turbomachinery coolant flow path geom-
etry that consists of a single flow passage with a single inlet
and exit. Flow can be bled off for tip-cap impingement cooling,
and a flow bypass can be specified in which coolant flow is
taken off at one point in the flow channel and reintroduced
at a point farther downstream in the same channel. The user
may either choose the coolant flow rate or let the program
determine the flow rate from specified inlet and exit conditions.
The main coolant flow must be subsonic everywhere except
at the exit, where choked flow is allowed. Choked flow is also
allowed at the bypass exit and at the tip-cap inlet and exit.

CPF integrates the one-dimensional momentum and energy
equations along a defined flow path and calculates the coolant’s
flow rate, temperature, pressure, and velocity and the heat
transfer coefficients along the passage. The equations account
for area change, mass addition or subtraction, pumping,
friction, and heat transfer.

The flow path geometry is described in Cartesian coordinates
at node points that, in turn, divide the flow path into a desired
number of intervals. Each interval may be further subdivided
into any desired number of slices to increase calculation accur-
acy. Standard correlations are used to predict the frictional
pressure drop and the heat transfer coefficient for each interval,
which is specified as being either a plain, a pin-finned, a trip-
strip, or a finned passage. Alternatively, the friction factors
and the heat transfer coefficients for each interval may be either
specified directly or input as curves in tabular form.

This report presents a detailed description of the program
input and output, including error messages. Three example
problems illustrate the use of the code, demonstrate the
calculation accuracy as a function of the change in free flow
area between nodes, and show a comparison with Fanno and
Rayleigh line predictions. The report also presents all the
analysis equations, as well as the derivations of the one-
dimensional momentum and energy equations.

Introduction

In small turbomachinery the radial turbine has several
inherent advantages over an axial turbine. Among these are
higher overall work extraction, greater aerodynamic efficien-

¢y, and less sensitivity to tip clearance. These attributes have
resulted in the widespread use of uncooled radial turbines
in automotive turbochargers and auxiliary power units, but
their use in primary powerplants (where higher operating
temperatures and pressures are desired) has been held back
by the difficulty of fabricating a cooled radial turbine. Both
the U.S. Army and NASA, in a series of contractual efforts
(refs. 1 to 4), have investigated techniques for fabricating
cooled radial turbines. These efforts, although contributing
significantly to solving the manufacturing problems, focused
relatively little effort on the internal heat transfer of cooled
radial turbines. The internal heat transfer calculations were
performed, for the most part, by using company proprietary
flow codes, along with approximations based on axial turbine
experience. When NASA and the Army Propulsion Directorate
decided to design an in-house cooled radial turbine for possible
evaluation in the new Small Warm Turbine Facility, a
computer code had to be developed that would accurately
predict coolant flow and heat transfer inside cooled
turbomachinery. The computer code Coolant Passage Flow
(CPF) described in this report is the result of that effort.

Although specifically developed for radial turbomachinery,
CPF can be used to analyze any turbomachinery coolant flow
geometry that consists of a single flow passage with a single
inlet and exit. CPF integrates the one-dimensional momentum
and energy equations along a defined flow path and calculates
the coolant’s flow rate, temperature, pressure, and velocity
and the heat transfer coefficients along the passage. The
equations account for area change, mass addition or subtrac-
tion, pumping (radius change), friction, and heat addition.
Flow can be bled off for tip-cap impingement cooling, and
a flow bypass can be specified in which coolant flow is taken
off at one point in the flow channel and reintroduced at a point
farther downstream in the same channel. The user may either
choose the coolant flow rate or let the program calculate the
flow rate from specified inlet and exit conditions.

This report describes the program’s input, output, and error
messages and illustrates the use of the code by three example
cases. All the analysis equations are shown, along with their
derivations and necessary assumptions where appropriate.
An added feature of CPF that allows direct specification of
heat generation in a given flow interval is described in appen-
dix E, written by Teresa R. Kline. A heat generation term has
been added to the energy equation. This feature allows the
direct solution of the Rayleigh line problem (see example



problem 3). CPF can be obtained from the Computer Software
Management Information Center (COSMIC), University of
Georgia, Athens, Georgia, 30602.

Flow Path Modeling

A composite sketch of the types of flow and heat transfer
configurations that can be analyzed with CPF is shown in
figure 1. CPF determines the coolant’s flow rate, temperature,
pressure, and velocity and the heat transfer coefficients along
any arbitrary passage with a single inlet and exit. Note that
internal flow division is not allowed, except for the shown tip-
cap impingement flow and bypass flow. Bypass flow is taken
off at one point in the flow channel and reintroduced at a point
farther downstream in the same channel. The three flow
channels shown in figure 1 would thus be analyzed separately.
The calculation frame of reference is the rotating frame
(moving with the turbomachinery). Thus, when the rotational
speed is greater than zero, all coolant input and output total
pressures and temperatures are relative total conditions.

The flow path is defined with the Cartesian coordinates z,
r, and y as shown in figure 1, where z is the axial direction
and the axis of rotation, r is the radial direction, and y is
perpendicular to both z and r. (All symbols are defined in
appendix A.) The flow path geometry is described at nodes
{at the passage centroid) that, in turn, determine a specified
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Figure | . —Conceptual cooled radial turbine configuration.

number of intervals (input parameter NI). The nodes and
intervals for the example 1 upper flow path are shown in
figure 2. Along the flow path, the n?* interval is that flow
path length immediately preceding node n. Note that the inlet
is specified separately and that the last (NI#) node is the exit.
Also note that several nodes are coincident. These coincident
nodes result from specifying zero-length **fake’* intervals.
These intervals, along with all input variables, are fully
described in the section Program Input.

Flow path geometry variables consisting of node location,
free flow area, and hydraulic diameter are specified at each
node. Standard correlations are used to predict the frictional
pressure drop and the heat transfer coefficient for each interval,
which is specified as being either a plain, a pin-finned, a trip-
strip, or a finned passage. Alternatively, the friction factors
and the heat transfer coefficients for each interval may be either
specified directly or input as curves in tabular form. Each
interval must be designated either a regular or a fake interval.
Sudden step changes in flow area are modeled via fake
intervals, in which the total pressure drop is calculated from
established correlations.

The change in free flow area between nodes defining a
regular interval has a strong influence on the accuracy of the
flow calculations. This means that, for geometries with
significant area change, the nodes should be spaced close
together but, for geometries with small area change, the nodes
may be spaced farther apart. In order to avoid having to input
an excessive number of nodes, an option can be used that
divides each input interval (the interval that lies between input
nodes) into a specified number of slices to get a more accurate
flow solution. The program then switches from the input nodal
frame of reference (shown in fig. 2) to the new, slice frame
of reference, and new node and new interval numbers are
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Figure 2.—Nodal representation of figure 1 upper flow path.




created in accordance with the total number of slices. All
calculations are then performed in the new frame of reference.
The required node parameters needed at the new node (slice)
locations are obtained by linear interpolation of the appropriate
original input nodal values. Input variables that were specified
for the original input intervals are retained for the new intervals
(which were created by slicing up the original intervals). For
additional calculation accuracy, the program further divides
all intervals (either the original input intervals or the calculated
intervals generated by the slice option) into smaller sections
called steps. The flow solution is marched along these steps
from node to node and iteratively converged on the flow Mach
number. The iterative flow solution procedure is described in
detail in appendix B.

Output may be specified in the original frame of reference
or in the new. slice frame of reference. The total number of
slices allowed has arbitrarily been set at 250. This can be
increased to any desired number by changing the DIMENSION
statements at the beginning of the code. Example 2 (see
the section Example Problems) illustrates the calculation
accuracy achieved for various rates of free flow area change
between nodes.

The user may either choose the coolant flow rate or let the
program determine the flow rate from specified inlet and exit
conditions. The coolant flow must be subsonic at all internal
flow path nodes. Choked (sonic) flow is allowed only at the
exit node, the bypass exit, and the tip-cap inlet and exit. If
the coolant flow is calculated from specified inlet and exit
pressures and supersonic flow is calculated at internal flow
path nodes, the weight flow is reduced to achieve subsonic
flow. If a weight flow is specified and that flow is too large
for the flow geometry, the program terminates with an
appropriate error message.

Program Input

The program input parameters are listed in appendix C,
along with the parameter description. the required units, the
type of variable (real or integer), and the default values. Except
for the title, all data input is in NAMELIST format. Although
the appendix is cssentially self-explanatory. the following
matters and variables require further discussion.

Input Curves

Various parameters may be specitied as curves in tabular
form. Each table is described by five input parameters: an
integer variable describing the number of points in the table.
two subscripted parameters corresponding to the curve x and
v values, and two parameters that specify the type of x and
y axes (Cartesian or logarithmic (base 10)). Subroutine
SPLFIT generates a spline curve fit from the tabular input.
Each curve must be described by a minimum of 3 1o a
maximum of 25 points. with the abscissa (x axis) values input
in ascending order. The slopes at the curve end points ar¢

evaluated from the first two and last two data points. These
points must thus be selected to give a good representation of
the curve slope at each end.

Flow Angles

Figure 3 is a schematic of the angle definitions for general-
ized bypass and impingement flows. At present the angle inputs
ALIMP and ALBPI are dummy variables that have no effect
on any calculations. They have been included for anticipated
future uses as explained in the description of those variables.

Nonsubscripted Variables

Title.—The title input may be up to 80 alphanumeric charac-
ters in length. It is the overall title for each job submission
and does not get input repeatedly if successive cases are run
in a single data stack. The title is. however, printed out for
cach case in a data stack.

JOPPRP.—If the physical properties specification is sct
equal to 0, the user inputs the coolant’s specific heat ratio.
specific heat, viscosity. and thermal conductivity. These values
are then assumed to remain constant for all flow calculations.
If [OPPRP is set equal to 1, the coolant’s physical properties
are evaluated from the subroutine AIRPRP. The properties
vary and are calculated at local static temperatures.

PTSP and TTSP.—The inlet supply total pressure and total
temperature must be specitied in the relative frame of reference
(relative total conditions) if the rotational speed  (input
parameter RPM) is greater than 0. For no rotation these
variables are specified in the absolute frame of reference.
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Figure 3.—Angle delinitions for generalized low path.



KTIN.—The inlet total pressure loss coefficient accounts
for various inlet configurations and can assume a value
between 0.0 and 1.0. If it is equal to 0.0, the inlet total
pressure is set equal to the specified supply total pressure
(PTSP); if it is equal to 1.0, the inlet total pressure loses one
full velocity head.

Nodal or Interval Variables

Geometry parameters or geometry and flow and heat transfer
parameters must be supplied at the input nodal points and for
the intervals defined by these nodal points. For the nodal or
interval subscripted parameters of appendix C (identified as
variable type R(NI) or I(NI)), only the variables Z, R, Y, A,
and DH are nodal values, in that they define values at each
input node location. All other variables are interval values and
represent average values over the interval. The nodal values
in appendix C are identified by the superscript nd, and the
interval values by the superscript /.

For each nodal or interval input parameter, an array of NI
numbers must be specified, even though actual values may
be needed for only a few nodes or intervals. The values that
are not needed are thus dummy or fill-in values, but they must
still be specified. For example, if a flow path consists of 20
intervals and the user wishes to let the program calculate the
friction factors in the first 10 intervals but wants to specify
the friction factors in the last 10 intervals (via the parameter F),
the first 10 numbers of the 20-number F array are dummy
values, and only the last 10 numbers are used by the code.

NSLI(n).—For large area variations between nodes the
calculation procedure introduces small artificial increases or
decreases in calculated total pressure and total temperature (see
example 2 in the section Example Problems). This parameter
specifies the number of slices into which cach interval is to
be divided in order to increase the accuracy of the calculation
procedure. For certain intervals, only one slice (no dividing)
is allowed, and no matter what values of NSLI(n) are input,
the program defaults NSLI(n) to 1. These intervals are (1) fake
intervals: (2) tip-cap flow intervals: (3) bypass intervals (flow
leaving and entering); and (4) intervals in which a total
pressure loss coefficient (K factor: Ky) is specified by the
input variable KTSGMT.

IOPTFI(n).—This parameter designates fake intervals.
which are used to model abrupt area changes (such as occur
when there is a change in the interval heat transfer configur-
ation). By using fake intervals the correct total pressure drop
can be calculated from established correlations for sudden
increases or decreases in flow area. Fake intervals may be used
anywhere in the flow path and should be of zero length. That
is. the coordinates of the nodes bracketing the fake interval
should be identical. Example 1 (in the section Example
Problems) shows how fake intervals are used between intervals
with different heat transfer geometries to model the sudden
area changes.

IOPTHT (n) and IOPTFF(n).—These variables specify the
types of heat transfer and friction factor calculations,

respectively, for each interval. IOPTHT(n) and IOPTFF(n)
are the main controlling parameters in that they determine the
specific information used in each interval for the requested
heat transfer and friction calculations. Only certain
combinations of IOPTHT(n) and IOPTFF(n) are allowed for
each interval. These combinations are shown in table I.
The heat transfer coefficient may be user specified
(IOPTHT(n) = 0), obtained from internal correlations
(IOPTHT(n) = 1, 2, 3, or 4 for trip strips, pin fins, finned
passage, and plain passage, respectively), or may be deter-
mined from an input Colburn J-factor curve (IOPTHT(n) = 5).
The friction factor may also be user specified (I0PTFF(n) = 0),
obtained from trip-strip geometry input (IOPTFF(n) = 1),
obtained from an appropriate input curve (IOPTFF(n) = 2),
obtained from a roughened-plain-passage correlation
(IOPTFF(n) = 3), or obtained from a specified K factor by
means of the input parameter KTSGMT (IOPTFF(n) = 4y,
Only the combinations of IOPTHT(n) and IOPTFF(n) shown
in table I are allowed. If unallowed combinations are chosen,
the program aborts and prints out an appropriate error
message. For fake intervals, dummy values must be input for
both IOPTHT(n) and IOPTFF(n).

Note that CPF does not check that the interval inputs are
consistent with the specified values of IOPTHT(n) and
IOPTFF(n). The user must thus make sure that the correct
type of information is supplied for each input interval.

FCOR(n), HCCOR (n), and HTACOR (n).—The user may
modify values of friction factor, heat transfer coefficient, and

TABLE 1. —ALLOWED COMBINATIONS OF
IOPTHT AND IOPTFF

Friction factor
option,
IOPTFF

Heat transfer
coefficient option,
IOPTHT

0—User specified 0—User specified

I—Trip strips I—Trip strips

2—Pin fins 0—User specified

2—Input curve (NPFF2, etc.)

0—User specified

2—Input curve (NPFF3, etc.)

3—Roughened-plain-passage
correlation (ref. 7)

3—Finned passage

4—Plain passage 0—User specified
(internal correlation) | 2—Input curve (NPFF4, etc.)
3—Roughened-plain-passage
correlation (ref. 7)
4—Specified K factor

5—Input Colburn J-factor | 0—User specified
curve (NECJF, etc.) | 2—Input curve (NPFF4, etc.)
3--Roughened-plain-passage
correlation (ref. 7)
4—Specified K factor




heat transfer area by the correction factors FCOR(n),
HCCOR(n), and HTACOR(n), respectively. Consider the flow
path shown in figure 4, in which nodes n — 1 and n define
a 180° bend. The program calculates the straight-line distance
between the nodes. Note that the true distance between the
nodes (along the flow direction) is significantly greater than
the calculated distance. If the friction pressure drop is specified
by the Fanning friction factor (IOPTFF(n) =0, 1, 2, or 3),
the friction factor must be modified by

True distance

FCOR(n) = . -
Calculated straight-line distance

If the friction pressure drop is specified by a total pressure
loss coefficient (IOPTFF(n) = 4), no correction is needed,
since the loss coefficient is specified for a given geometry
(e.g., a 180° bend) and thus is independent of actual flow path
length. For the geometry shown in figure 4, the heat transfer
area must similarly be modified by

True distance

HTACOR(n) = - . -
Calculated straight-line distance
The heat transfer coefficient correction factor HCCOR allows
the user to account for inlet or turning effects. The use of the
described modifiers allows flexibility in applying the program.
Note, however, that their use cannot be hidden, since they
are always shown in the program output.

IOPTCR (n).—This input parameter controls the option for
calculating a heat transfer coefficient correction due to rotation.
If IOPTCR(n) is set equal to 0 (default value), no correction
is made, and the heat transfer coefficient rotation modifier
HCCORC(n) (not an input; see the section Program Output)
is defaulted to 1.0. If IOPTCR(n) is set equal to 1, the
calculated or specified heat transfer coefficient is modified as
described in appendix B. Note that the correction is valid only
for purely radial flow in plain passages and for fluid
temperatures lower than the wall temperature (the fluid cooling

~ TRUE DISTANCE
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n-1AND n

/

/

< CALCULATED STRAIGHT-LINE
DISTANCE BETWEEN NODES
n-1 AND N

Figure 4.—Comparison of true and calculated distances in 180° bend.

the wall). The calculated correction factor HCCORC(r) may
be greater or less than 1.0 and is shown in the program output.

EDD(n) and PDE (n).—These parameters describe the
geometry for trip strips. They are shown schematically in
figure 5.

NFNP(n), THFN(n), SPFN(n), and HHTFN{nj.—"nese
parameters describe the geometry for finnea passages. Vncy
are shown schematicaily in tigure 6.
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Figure 5.—Trip-strip geometry parameters.
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Figure 6.—Finned-passage geometry parameters.



A(n) and DH (n).—The flow area and the hydraulic diam-
eter based on minimum free flow area must be input for each
node. These nodal values are used in evaluating the local Mach
and Reynolds numbers.

AV(n) and DHV (n).—The flow area and hydraulic diameter
based on open volume are needed only for pin-fin intervals.
They are required in addition to the input variables A(n) and
DH(n). The interval values AV(n) and DHV(n) are used in
the pin-fin heat transfer correlation. AV(n) is equal to V/(,
where Vis the open volume in the interval and {is the interval
length: DHV(#n) is cqual to 4V/S, where S is the total heat
transfer surface area in the interval (endwall plus pin fins).

Parameters Specifying Location of Tip-Cap
and Bypass Flow

The variables NTCF., NBPI. and NBPO define the interval
in which a tip-cap flow, the start of a bypass channel, or the
end of a bypass channcl. respectively. is specified. This is
illustrated in the example flow path of figure 2, where the tip-
cap flow leaves from interval 10 and the bypass channel starts
in interval 2 and ends in interval 18. The first interval should
not be a tip-cap interval or contain the start of a bypass channel
(NTCF # 1. NBPI # ). Any one interval can only be
assigned one of these three options. This means that a tip cap
and the start of a bypass channel cannot be specified for the
same interval (NTCF # NBPI), nor can a tip cap be in the
interval ending a bypass channel (NTCF # NBPO). It is also
not recommended that the last interval contain the end of the
bypass channel (NBPO # NI). Note that tip-cap or bypass
flows cannot be specified for fake intervals.

Further comments are in order regarding the use of a bypass
channel. Subroutine BYPSFL, which calculates the bypass
flow, is a simplified version of the main routine used to
calculate the coolant flow in CPF. The two main simpli-
fications are that heat transfer is not considered for the bypass
flow and that all calculations are based on constant physical
properties. Both the inlet and exit conditions for the bypass
channel are taken to be the average of the values at the
respective interval end points. This implies that, for maximum
accuracy, these intervals should be kept as short as possible.
Further accuracy will be gained if these intervals are of constant
cross-sectional area. Also, for best results, the bypass flow
should not be a significant fraction of the main coolant flow.

Tip-Cap Parameters for Interval NTCF

The parameters that describe the geometry for tip-cap flow
are shown schematically in figure 7. The impingement angle
ALIMP shown in figure 3 is a dummy variable that has no
effect on the calculations. It is included for possible future use
in a more general impingement flow calculation procedure.

Bypass Channel Parameters

PBPRI.—This variable specifies the pressure recovery at
the bypass inlet and is determined by the geometry of that
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Figure 7.—Tip-cap geometry parameters and flow stations.

inlet. PBPRI must be set between 0.0 and 1.0. Setting PBPRI
equal to 0.0 causes the bypass inlet total pressure to be set
equal to the bypass inlet interval average static pressure.
Such a condition exists if the bypass flow is drawn off perpen-
dicular to the main coolant flow. Setting PBPRI equal to 1.0
causes the bypass inlet total pressure to be set equal to the
bypass inlet interval average rotal pressure. Such a condition
exists if the bypass flow is drawn off tangential to the main
coolant flow.

ALBPI.—This angle describes the component of velocity
of the bypass exiting flow in the main-stream coolant flow
direction for interval NBP1. ALIBPI is a dummy variable that
has no effect on any calculation. It is anticipated that in the
future this variable, along with additional geometry param-
eters, will be used in a generalized calculation procedure for
the pressure recovery at the bypass inlet.

ALBPO.—This angle describes the component of velocity
of the bypass entering flow in the main-stream coolant flow
direction for interval NBPO. ALBPO is equal to 0° for bypass
flow entering tangential to the main-stream flow and equal to
90° for bypass flow entering perpendicular to the main-stream
flow. Figure 3 shows all flow angle definitions.

Miscellaneous Comments

During the initial flow path modeling the specified free flow
areas, as well as the inlet and exit pressures, may not be
compatible with physically possible flow. For complex flow
geometries it is suggested that the initial calculations be
performed with a specified flow rate (IOPTW = 0) to make
the calculations independent of exit backpressure. Starting with
a low flow rate (to ensure subsonic flow at all internal nodes).
the high Mach number locations can be identified and the flow
areas increased, if necessary. as the flow rate is increased.
Also, the calculated trailing-edge pressure can be used to size
the exit area for compatibility with the backpressure.

Some care must be taken with the last interval for choked
exit flow. If the flow area is constant in the last interval
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nme —— EXAMPLE PROBLEM 1 (cmuRE quPF]’EEHELgH Bﬁmlo 10, NsLI-24xz, I5LOUT<0
: 8DATT RG=53.35, RPM=3.7E4, NI=24, =0, NH=0.2310, HSL1=24x2, 15 =0,
OVERALL PARAMLICRS. INLET. 71M:0.0, RIN=3.85, YIN=0.0, AIN=.0625,
AND EXIT CONDLTIONS TOPIHEY, PTSP=175., TTSP=750., KTIN=.50, POUT=50.0,
LPEF4-12, REG-100., 500., 1.€3, 2.£3, 2.5€3, 3.03, 3.583, «.E3 5 E3,
FANNING FRICTION %1,&4. 1.E5, é.[é, L oss. 007, 0017, 010, 0107, 010, .00
VE FFF4=.170, .0364, .017, .
}ACTOR CURVE AT 0
IXCJF=1, IYCJF=Ll, .
COUBURN J-FACTOR CURVE ——— }HPCJF=8, RECIF-1.€2, 1.E3, 2.E3, 3.E3, 6.C3, 1.E4, 1.t5, 1.te,
COF: 044, .0045, .0023, .0026, .0032, .0029, .0019, DOL3.
526 a0, h.50, 0.44, 0.35, 0.35, 0.23, 0.20, 0.20, D.22, 0.48, 0.38,
0 20" 052, 0.72, 0.95, 1.40, 1.40, l.65. 1.92, 2.5, 3.40, 4.30,
4.30, 4.62, 126%0.0,
GEOMEIRIC FLOW PAIN —— { R=3.85, 4.00, 4.35, 4.65, 4.65, 5.35, 6.02, € 43, 6.43, 6.43, 6.43.
230 5.55, 4.95, 4.55, 4.00, 4.00, 3.85, 3.60, 3.25, 3.06. 3.0%
3035, 3.03, 126%0.,
Y=15x00, 2z%0.07, 0,10, 6.18, 0.47, 1.15, 2.35, 2.35, 2.80, 126400,
) : 10PTFI=0, 0, 0, 0, 1, 0, O, G, C, 0, 0, O,
OP7IONS O FAKE INTERVAL o, 0, 0, 0,1, 0,0, 0,0, 0, 1,0, 126%0,
HEAT THANSHER. AND 10PTHT=4%4, 7, 31, 4, b, 4, 5x1, 7, 5¥2, 7, 3, 126x7
FRICTION FACIOR TOPTFF=4%2, 7, 3%1, 4. &, 4, 5%, 7, 5%0, 7, 3, 126x7,
EDD=150%0,1645, PDE=150%10.0, DUE=150%1.€5,
KTSGMT=8%0.0, 1.65, 1.65, 1.65, 139%0.0,

NFNP=23%0, 4, 126%0,
FINNED PASSAGE THFK=23%0., 0.117, 126%0.0,
PARAME TERS {SPFH:ZSK0.0. 0.217, 126%0.0,
HHTFN=23%0.0, 0.030, 126%0.0, KMET=23%0.0, 12.0, 126%0 .0,
A=.0750, .0630, .0540, .0450, .0300, L0175, .0176, .0126, .0085, .00&5,
016D, .010D, .0110, .0175, .0225, G275, .0300, .0300, .03v0, U300,
0300, .0260, .0200, .0200, 126%0.0,
AY=17%0.0, 5%0.062, 128x%0.0,
DH=.2310, .1590, .1560, .1530, .1020, .0820, 0775, .0775, .0696,
10696, .0727, .0727, .0746, .0824, L0857, .0880, .C960, .08&E.
‘0888, .0828, .0811, .0638, .0980, LBB33, 126x0.0,
DHV=17%0.0, 5%0.136, 128%0.0,
F=17%D.0, 5%0.09, 128x0.0, TW=150%1400.,
NTCF=10, NBPL=2, HBPO=13,
DLBP=0.65, DHBP=0.075, FF8P=0.10, AIKBP=.00)1, PBEPRI=0.5D,
11P CAP AND BYPASS RINBP=3.80, AOUTBP=.0C1, ROUTBP=3.75, ALBLU=36.0.
FLOW PARAME TLRS ———— { YOPHTT=1, MHI=2, DHI=.030, NHO=3, DHO=.020, PBP=200.0,
RLH=6.60, R1PL=6.7%, SPIH=0.20. ALINP=90.0,
DIC=.075, AIMP=.0589, THIMP=1500. LEND
Figure 8.—Example 1 input data.
(A(NI — 1) = A(NI)) and the user specifies zero friction and by any warning or abort messages and a statement quanti-
zero heat transfer (no heat addition), the solution may not fying the overall number of iterations needed to achieve flow
converge. Without friction or heat addition in the last interval convergence.
(both of which drive the flow toward choking) the flow will A tabulation of mostly geometric parameters is next printed
also want to choke at node NI — 1, but this cannot be out for the following node or interval items:
accommodated. The problem can be circumvented by .
o . . 1 node or interval number
specifying the exit free flow area A(NI) to be slightly smaller ) ) . ) )
than A(NI — 1). IOPTFI  input option for fake interval specification
A complete data input set (for example 1 in the section IOPTHT input option for heat transfer specification
Example Problems) is shown in figure 8. This input describes IOPTFE  input option for friction factor specification

the upper flow path of figure 1 and illustrates the use of
both tip-cap and bypass flow. Details concerning the
preparation of this data input set are given in the section

[OPTCR input option for heat transfer rotation correction
specification

Example Problems. Z specified or calculated (for NSLI > 1) node z value
R specified or calculated (for NSLI > 1) node r value
Y specified or caleulated (for NSLI > 1) node y value

Program OUtPUt A specified or calculated (for NSLI > 1) node free

The program output is described in figure 9, which shows ﬂ0\iv area

the output for example 1. The title is shown first, followed DH specified or calculated (for NSLI> 1) node

by statements concerning the chosen options for physical hydraulic diameter

properties, coolant flow calculation, rotational speed, whether T™W specified interval wall temperature

Fip-cap or bypass flow was specified, and if so, in which input DX calculated straight-line interval distance between

intervals. The next statement tells the user whether the output nodes (for all fake intervals DX is set to 0.0)

is for the original input frame of reference or for the revised
frame of reference (generated from the slices). This statement
is followed by a table that shows the specified nodes, the
number of slices in each interval, and the slice number (new
node number) corresponding to each original input node. This
table is important, since all error messages refer to the slice
frame of reference. Any problem leading to warning or abort

XTOT flow path length up to that node (summation of DX)

KT specified total pressure loss coefficient KTSGMT
for regular intervals if IOPTFE() = 4; or
calculated total pressure loss coefficient for fake
intervals if IOPTFI(I) = 1; if a friction factor is
specified or calculated, KT is shown as zero.

messages in the new frame of reference can be traced back NSLI number of specified slices in an interval if output
to the input frame of reference with this table. is in original input frame of reference: set equal
The next output is a listing of all input data curves, followed to 1 if output is in new, slice frame of reterence.



ENGLISH UNITS
PHYSICAL PROPERTIES (G, CP, MU AND X) OBTAINED FROM SUBROUTINE AIRPRP

COOLANT FLOW RATE DETERMINED FROM SPECIFIED INLET AND EXIT PRESSURES
ROTATIONAL SPEED IS

0.370E+05 RPM

BYPASS CHANNEL SPECIFIED BETWEEN INTERVALS
TIP CAP FLOW SPECIFIED IN INTERVAL 10

bt b o s 1t e

INPUT SLICES SLICE
NODE IN NO.
NO. INTERVAL

1 2
2 1
3 2
4 2
5 1
6 2
7 2
3 2
9 1
10 1
11 1
12 2
13 2
14 2
15 2
16 2
17 1
18 1
19 2

2 2
21 2
22 2
23 1
2 2

CARTESIAH X-AXIS
CARTESIAN Y-AXIS

EXAMPLE PROBLEM 1 (FIGURE 1 UPPER FLOW PATH)

2 AND 18

THE INPUT FANNING FRICTION FACTOR CURVE FOR PLAIN PASSAGES IS
RE4 FFF4

©oooccowoocooo

.100CE4 03
.5000E+03
.1DBOE+ 09
.2000E+04

2500E+04
3000E+04
3500E+04
4000E+04

.5000E+04
. 1000E+Q5
-1000E+06

1000£+07

cococwoa

oo ococoonoo

-1700E+00
. 3600E-01
-1700€E-01
.8500E-02
.70D0E-02

7700E-02
1000E-01
1070£-01

-1000E-01
-8000E-02

2960E-02

LOGARITHHMIC X-AXIS

LOGARITHMIC Y-AXIS

THE INPUT COLBURN J-FACTOR CURVE IS
REJCF CJF

.1000E+03
.1000E+04
.2DO0E+04

3000E+04
6O0DE+DG
1000€E+05
10D0E+06
1000E+07

cooooooo

-4400E-01
LG500€~02
.Z300E-02
.2600E-02
- 3200E~02

2900E-02

-1900E-02
.1300E-02

WARNING - IMPINGEMENT FLOW HAS NOT CONVERGED IN SUBROUTINE TIPIMP IN OVERALL FLOW ITERATICN e

HARHING - IMPINGEMENT FLOW HAS NGT CONVERGED IN SUBROUTINE TIPIMP IN OVERALL FLOW ITERATION 9

I

OO RN D N = D20 08~ N LN D (e N e

Bt bt it ot ke e ot 1

19

OPTIOD
FI

Sl e Y L - - T

HT

L R N N R N bt b bt i S 0 = B S D D
RNODOOO N s 8D B N NN N

NS (10PT)
F

CR

e e Y ey e Y- YT

4
{IN)

0.0000E+00
D.4000E+0Q
0.5D06E+00
0.4400E+00
0.3500E+D0
0.3500E+D0
0.230DE+00
0.2000E+00
0.2000E+00
0.2200E+00
0.4800E+Q0D
0.5000E+GQD
0.5D000E+0D
0.5200E+00
0.720DE+0D0
0.9500E+D0
0.14D0£+01
D.1400E+0]
D.1630E+01
0.1920E+01
0.2550E+Q]
0.3400€+01
0.4300E+D1
0.4300E+0]
0.6620E+01

[
¢

0
0
0
4

0
¢
Q9
[
a
0
0
0
0
0
1]
0
4
0
0
o
0
]
0

R
(1N

.3850E+0D1
.3850€+01
.4000E+01
-G350E+0]
<4650E+0]
L4650E+01
.5350E+01
.6020E+01
.6430E+01
L6G3DE+0]
L6430E+01
L64930E+0]
.6100E+01
-5550E¢0]
L4950E+01
.4550€+01
.400DE+D]
.4000E+01
.3850E+01
. 3600E+01
-3250E+01
-3060E+01
.3030E+01
-3030E+01
.3030E+0]

Y
C(IN)

0.000CE+00D
-000DE+0D
.DOCOE+DO
0.0000E+00
0.00D0E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000€+00
0.0000€E+D0
0.6000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
D.000CE+0D
0.7000E-01
0
1]
a
0
0
o
0
0

oo

.7000E~01
-1000E+00
-1BOQE+00
.GT00E+00
-1150E+01
.2350E+01
.235DE+0)
.2800E+01

A
(INX%2)
0.6250E-01

DH
CIN)
0.2310E+00

0.98D0E-01
0.8330E-01

TH
F)

Figure 9.—Example 1 program output.

bX
191, D]

0.4000E+00
0.1803E+00
D.3551E+00D
0.3132€E+00
0.0000E+D0
0.7102E+00
0.6707E+00
0.4100E+00
0.2000E-01

0.5522E+00

ORIGi

XvoT
CIN)

0.4000E+00
0.58D3E+D0
0.9354E400
0.1249E+01
0.1249E+01
0.1959€+01
0.2629€+401
0.3039E+D]
0.3059E+01
0.3319E+01
D.3339E+01
0.3669E+01
0.6220E+0]
0.4852E+01
0.5314E+01
C.6028E+0}
0.6028E+D1
0.6306E+01

0.)1008E+D2
0.1063E+02

NAL PAGE IS
CF POOR QUALITY

KT

0.5000E+4090
0.0000E+00
0.0D0CGE+0D
0.0000E+00D
0.000DE+D0
0.1037E+DOD
0.0000E+00
D.C000E+0G
0.0000E+Q0
0.1650E+01
0.1650E+01
0.1650E+0}
0.0000E+D0
0.00D0E+00
0.0000E+00
0.0000E+00
0.000CE+00
0.6944E-02
0.0000E+00
0.D0CDE+OC

0.0000E+00

NSLI

NI RGN o 0 R IR N A 1t e 0 D R D bt N ) bt )



ORIGINAL PAGE IS
OF POOR QUALITY

TIP CAP FLOW CALCULATIONS IN INTERVAL OR SLICE 10 ( 3 ITERATIONS)

FLOW RATE= 0.18602E-02 (LBM/S)

HO. OF IHLET HOLES = 2

THLET HOLE DIAMETER 0.30000E-01 (IN)
ALIMP 0.90000E+02 (DEG)
THLET MACH HUMBER = 0.31109E+00

INLET DISCH. COEFF. = 0.84388E+00

CHAMB. TOT. PRESS. = 0.22927E+03 (PSIA)
CHAMB. MACH HUMBR. = 0.19202E-01

CHAMB. TOT. PRESS. = D.23737E403 (PSIA)
CHAMB. TOT. TEMP. = 0.13385E404 (F)
IMPINGEMENT H = 0.16289E+0G (BTU/FTx%2/HR/R)
NO. OF OUTLET HOLES 3

OUTLET HOLE DIAMETER 0.20000E-C1 (IM)
QUTLET MACH NUMBER 0.51112E+00

OQUTLET DISCH. COEFF 0.89111E+00Q

QUTLET BACK PRESS. 0.20000E+03 (PSIA)

1 T 1T P PT H
(F) (F) (PSIA) (PSIA) (LBM/S)
0.7G97€+03 0.7500E+403 D,17648E+03 0.1749E+03 0.9745€E-02 ©
1 0.7700E+03 D0.7701E403 0.17648€+03 0.1749E+03 0.9745E-02 O
2 0.7765E4035 D.7766E+03 0,1800E+03 6.1801E+03 0.314DE-02 0
3 0.8059E+05 0.8061E403 0.1932E+03 0.1933E+03 0.8140€-02 0
G 0.8302E+03 0.3305E403 0,2060E+D3 0.2061E+03 0.8140E-02 ©
5 0.8298E+03 0.83305€+03 0.2057E+03 0.2061E+03 0.814QE-02 0
6 0.1D78E+04 0.1080E+D4 0.2310E+03 0.2322E+03 0.81640E-02 ¢
7 0.1212E+04 0.1216E+06 D.2471E+03 0.2694€+03 0.8140E-02 0
8 0.1264E+04 0.1268E+04 D.2549E+03 0.2572E+03 0.8140€-02 0
9 0.1259E40G 0.1268E+04 0.2459€+03 0.2512E+03 0.8140E-02 O
10 D0.1263E+04 0.1269E+04 0.2632E4D3 0.2666E+03 0.6280E-02 O
11 0.1265E+04 0.1270E+4064 0.2394E403 0.2618E+03 0.628DE-0D2 O
jz 0.1296€+04 0.1302E406 0.2084E+03 0.2112E+03 0.6280E-02 O
13 D0.1331£+406 0.1339E+404 0.161DE+03 0.164LE+03 0.6280E-02 0
14 D0.1360E+05 0.1365€+04 0.1258E+03 D.1274€E403 0.6280E-02 €
15 0.1372E+404 0.1377€E404 0.1101E+03 0.1112€+403 0.6280E-02 0
16 0.1383E+D4 D0.1388E+04 0.9268E+02 0.9355E+02 0.6280E-02 0
17 0.1384E+06 D.1388E+04 0.9282E+02 0.9356E+02 0.6280E-02 0
18 0.1257E+06 0.1262E+0G D.S076E+02 0.9185E+02 0.7885E-02 0
19 0.1274E+06 0.128DE+04 D.8595E402 0.8711€E+02 D0.78B5E-02 ©
20 0.1302E+04 ©0.1309E+04 0.7827E+02 0.7957E+02 0.7885£-02 D
21 0.1329E+06 0.1339E+04 0.6971E+02 0.7119E+02 0.7885€-02 O
22 0.1362E+04 0.1365E+406 0.532DE+402 0.5583E+402 0.7385€-02 O
23 0.1325E+04 0.1365E406 0.5098E+02 D.5564E+02 0.7885E-02 0
24 0.1331E+06 0.1372E+04 0.5000E+02 0.5478E+02 0.7885E-02 0
1 RE PR ST Hy F
1 0.1660E+05 0.6959E+00 0.4178£-02 0.4978E+02 0.7204€-02 O
2 0.1118E+05 0.6960E+0D 0.4366E-02 0.4171F¢02 0.7565E-02 O
3 0.1259E+05 0.6961E+00 0.4473E-02 0.3784L+02 0.7742€-02 0
4 0.1665E+05 0.6952E+00 0.4367E-02 D.4243E+02 0.7532E-02 O
5 0.1665E405 0.6952E+00 0.DO0DE+0D 0.00D0E+00 0.0000E+00 0
6 0.1803E+D5 0.6926E+00 0.1607E-01 0.1876E+03 0.3043E400 0
7 0.2263E+05 0.6932E+00 0.1507E-01 0.2202E403 0.3043E+00 0
8 0.2202E+05 0.6931E400 0.1436E-01 0.2279E+D3 0.3043E+00 O
9 0.2937E+05 0.6931€+400 0.3853E-02 0.6864E+02 0.1517E+01 O
10 0.2262E+405 0.6931E+00 0.2898E-02 0.5224E+02 D.1104E+00 ©
11 0.2007E+05 0.6931E+00 0.3998€-02 0.5918E+02 0.1467E+01 O
12 0.1985E+05 0.6931E+00 D.1532E-01 0.2116E+03 0,3043E400 O
13 0.1829E+05 0.6933E+00 0.1560E-01 0.2019E+03 0.3063E+00 D.
14 0.1258E+D5 0.6936E+00 0.1706E-01 D.1619E+03 0.30G63E+00 O
15 0.1013E+05 0.6938E+00 0.1832E-01 0.1356E+03 0.3063E+00 O
16 0.8478E+DG  0.6939E+00 0.1934E-01 0.1188E403 0.3043E+00 O
17 0.8476E+D4 0.6939E+00 0.00CDE+00 D.00DOE400 0.0000E+00 ¢
18 0.1029E+05 0.6931E+06 0.1168E-01 0.9119E+02 0.90G0E-01 0
19 0.1023E4D5 0.6931E+00 0.1170E-01 0.9081E+D2 0.9000E-01 O
20 0.9645€E+0¢ D.6932E400 0.1176E-01 0.9021£+02 0.9000E-01 ©
21 0.9163E404 D0.6933E400 0.1177E-01 0.8962E+02 0O 9000E-01 ©
22 0.8279E+06 0.6934E+00 0.1179E-01 0.8933E+02 0.9000E-01 O
23 0.166GE+D5 0.6933E+00 0.0000E+00 0.0000E+00 D.000DE+00 O
26 0.1411E+05 0.6933E+00 0.4553E-02 0.4656E+02 0.6991€-02 0
BYPASS FLOW BETHEEN INTERVALS OR SLICES 2 AND 13
(CONVERGED IN 3 ITERATIONS)
FLOM RATE= D.16056E-02 LEM/S
DX = 0.65000E+00 IN
DHYD = 0.75000E-01 IN
FR. FCT = 0.10000E+00
INLT. PR. REC.= 0.50000E+00
A R T T PT
CINXX2) (I (F) (F) (PSIA)
bl 0.1000E-02 0.3800E+01 0.7733E403 0.7613E+03 0.1775E

ouT 0.1000E-02 D.3750E+01 0.8099E+03 0.7157E403 0.1223E

v M GAMMA cP vIsC. TH, CNDT.
(F1/5) BTU/CLBM-R) LBM/(FT-5) BTU/(FT-HR-R)
.S757E+02 0.3616E-01 0.137E+01 0.254E400 0.217E-04 0.285E-01
"4877E+02 0.2871E-01 O.137E+01 D.255€+00 0.220E-06 D0.289E-01
"4735E+D2 0.2780E-01 0.137E+01 0.255£+00 0.220E-04 D.291E-01
[5269E+D2 0.3060E-01 0.136E+01 0.256E+00 0.224€-06 0,296E-01
J6045E+02 0.3479€-01 0.136E+01 0.257E+00 0.227E-04 0,.301E-01
'9077E+02 0.5224E-D1 D.136E+01 0.257E+00 0.227E-06 0.301E-01
'1652E+03 0.87S3E-01 O0.135E401 ©0.264E+00 0.254E-04 0.348E-01
©2333E+03 O.}188E+00 D.134E+D1 0.2648E+00 0.268E-0¢ 0.373E-D1
"2331E+03 0.1171E+0D 0.136E+01 0.269E+00 0.273E-04 0.382E-01
U3572E+403 0.1796E+00 0.139E+01 0.269E+00 0.272E-04 0.381E-01
"2793E403 0.14603E+00 O0.136E+01 0.269E+00 0.273E-04 0.382E-01
'2614E+03 0.1212E+00 O.134E+01 D.269E+0D0 0.273E-04 0.382E-01
L2823E+403  0.1405E+00 0,134E+01 0.270E400 D.276E-04 0.387E-01
"3I387E+D3  0.1671E+0C O.13GE+0)] 0.27]E+00 0.279E-046 0.394E-01
T2768E+03  0.1355E+400 0.134E+01 0.272E+00 G.282E-04 0.399€E-01
T2478E+03 0.1209E+00 0.134E+01 0.273E+00 0.283E-04 0.4D1E-D1
(264236403 0.1179E+00 0.13GE+0L 0.273E+00 0.284E-06 0.403E-01
T2219E+03 0.1079E+00 0.13GE+01 0.273E+00 0.284E-06 D.403E-01
T26S3E+03 0.133SE+00 0.134E+D1 0.269E+00 D.272E-04 D.331E-01
(2830E+03 0.1417E+00 D.134E+DL 0.27DE+00 0.274E-06 0.3846E-Q1
C3156€403 0.1569E+00 0.134E+01 D.271E+0D 0.276E~0% 0.338E-01
T3599E+D3 0.1776E+00 0.134E+01 0.271E+00 0.279E-04  0.393E-01
(5482E+D3  0.2695E+00 O.13GE+01 0.272E400 0.280E-04 0.396E-01
'736GE+03  0.3638E+00 0.134E+01 G.271E+00 0.279E-06 0.393E-01
T7533E+403  0.3716E+00 0.134E+01 0.271E+00 0.279€-04 0.394E-D1

FCOR HC HCCOR HCCORC HTACOR TANW
(BTU/FT%%2-HR-F) (F)
.1000E+01 0.9022E+02 1.0000 1.0000 1.0000 0.7646E+03
.1000E+0]1 0.8976E+02 1.0000 1.0000 1.0000 ©.7739E+03
.1000E+D1 ©0.1020E+03 1.000¢ 1.0000 1.0000 0.7989E+03
L1600E+401 0.117GE+03 1.0000 1.0000 1.0000 0.8245E+03
.100DE+01 D0.00DO0E+00 1.0000 1.0000 1.0000 0.0000E+00
LJ00DE+01 D0.9641E+03 1.0000 1.0000 1.0000 0.1025E+04
.1000E+01 D0.1300£+04 1.0000 1.0000 1.0000 0.1186E+04
.1000E+0] 0.1386E+04 1.0000 1.0000 1.0000 0.1255E+04
LJ000E+01 0.G410E+0D3 1.0000 1.0000 1.0000 0.1267E+04
L1000E+01 0.3547E+03 1.0000 1.0000 1.0000 0.1263E+04
L1000E+01 ©0.3932E+03 1.0000 1.0000 1.0000 0.1269E+04
.1000E+01 0.1383E+04 1.0000 1.0000 1.0000 0.1294E+D4
1000E+01 0.1305E+04 1.0000 1.0000 1.0000 0.1330E+06
.1000E+D1  0.9703E+03 1.0000 1.0000 1.0000 0.1360E404
.1000£+01 0.7729E+03 1.0000 1.¢000 1.0000 0.1374£+04
.1000E+D1 0.6538E+03 1.0000 1.0000 1.0000 0.1385E+04
.100DE+01 D.Q0DOOE+0Q 1.0000 1.0000 1.0000 0.0000E+00
.1000E+01 D.3209E+03 1.0000 1.0000 1.0000 0.1324E+04
.1000E+01 D0.3161E+03 1.0000 1.0000 1.0000 0.1275E+04
.1000€+01 D0.3159E+03 1.0000 1.0000 1.0000 0.1302E+84
.1000E+01 0.3157E+03 1.0000 1.0000 1.0000 0.1331E+04
.1000E+0)1 0.316ZE+03 1.0000 1.0000 1.0000 0.1357E+04
.10006E+01 O.0Q00E+D0 1.0000 1.0000 1.0000 0.DO0CE+0C
.1000E+01 ©0.2575E+03 1.0000 1.0000 1.0000 0.1366E+04
P M v ALPHA
(PSIA) (F1/5) (DEG)

+03 0.16D9E+03 0.3809E+00 0.6395E+03 0.9000E+D2
+03 0.9175€+402 0.6610E+00 0.1098E+04 0.3600E+02

Figure 9.—Concluded.

Note that a value of Z, R, Y, A, DH, and KT is shown before
the numbered node or interval values. These are the inlet
values of position, area, hydraulic diameter, and KTIN,
respectively.

A complete description of the specified tip-cap geometry

and the calculated tip-cap flow follows. The output is self-
explanatory, but the user should be aware that the tip-cap flow
calculations do not account for radius change (pumping) in
the impingement or exit holes. This does not introduce any
significant errors, since for any realistic design the



impingement and exit hole lengths will be kept as short as
possible. The tip-cap flow calculations also have no provisions
for calculating reverse flow. If too high a backpressure is
specified at the tip cap, the tip-cap flow will not converge.
This will be noted by appropriate error messages up to and
including the final overall flow iteration. The obtained flow
solution, although meaningless for the tip-cap geometry, is
the same as the solution that would have been obtained had
no tip-cap flow been specified.

The next tabulation presents calculated flow properties and
physical properties. As before, the inlet values precede the
numbered node values (all values in this table are node values).
The tabulated parameters are

I node number

T static temperature

TT total temperature

p static pressure

PT total pressure

W coolant flow rate

\Y velocity

M Mach number
GAMMA ratio of specific heats
CP specific heat at constant pressure
VISC. viscosity

TH. CNDT. thermal conductivity

Note that for rotating turbomachinery (RPM 3 0) the shown
total temperature and total pressure, as well as velocity and
Mach number, represent values in the rotating reference frame.

The next tabulation is a mixture of flow and heat transfer
parameters, along with specified correction factors. The
tabulated parameters are

[ node or interval number

RE node Reynolds number based on hydraulic
diameter (DH)

PR node Prandtl number

ST interval Stanton number based on uncorrected HC

NU interval Nusselt number based on uncorrected HC

F specified or calculated interval Fanning friction
factor

FCOR specified interval friction factor correction

HC specified or calculated interval heat transfer
coefficient without any correction factors

HCCOR  specified interval heat transfer coefficient cor-

rection factor

HCCORC calculated interval heat transfer correction factor
due to rotation (listed as 1.0 if IOPTCR(n) = 0)

HTACOR specified interval heat transfer area correction
factor

TAW calculated interval adiabatic wall temperature
(listed as 0.0 for fake intervals)

Further explanation is in order for the following calculated
interval output parameters: ST, NU, F, HC, HCCORC, and
TAW (excluding F and HC if they are user specified). If the
slice option is used (NSLI(n) > 1) together with the option
for printing output at all the slices (ISLOUT = 1), it is obvious
that the shown interval values correspond exactly with the slice
interval numbers. However, if the slice option is used together
with the option for printing output in the original frame of
reference (ISLOUT = 0), an arbitrary decision must be made
as to which of the calculated slice interval values (the slice
intervals that were obtained from the original input interval)
will be printed. For the described combinaticn of options
(NSLI{n) > 1 and ISLOUT =0), the shown -calculated
interval values (ST, NU, F, HC, HCCORC, and TAW) are
the values for the last (highest numbered) slice interval in the
original input interval.

The final output is a tabulation of bypass flow parameters
including a listing of values at the bypass inlet and exit. This
output is self-explanatory, except for the following item: CPF
has no provision for calculating reverse flow in the bypass
channel. If the main coolant flow cannot be balanced without
reverse flow in the bypass, the bypass flow is set to zero and
the main coolant flow calculations are carried through to
convergence. The bypass flow output will show zero flow,
as well as zero velocity and Mach number. The obtained
solution, although meaningless for the specified bypass
geometry, is the same as the solution that would have been
obtained had no bypass been specified. The user is therefore
cautioned to always check that the calculated bypass flow rate
is greater than zero.

Error Messages

All DO loops in CPF have appropriate error messages that
are printed if convergence is not achieved. A detailed listing
of the error messages will not be provided here, since most
messages are self-explanatory and contain a suggested course
of action to alleviate the problem. The following comments,
however, should be helpful in understanding the error messages:

(1) All error messages stating node or interval numbers
refer to the calculated slice frame of reference.

(2) Error messages pertaining to bypass or tip-cap flow are
often caused by specifying too large a flow area.

(3) Error messages fall into two general groups: warning
messages and abort messages. Program execution continues
after a warning message is issued and terminates after an abort
message.

(4) Although not all warning messages use the word
“WARNING, " all messages that result in program termi-
nation use the word “*‘ABORT.”

(5) Most warning messages have the following generalized
format:

WARNING—XXXXX HAS NOT CONVERGED IN
OVERALL FLOW ITERATION XX



These messages can be triggered by extreme initial conditions
during the iteration process. The solution is valid if the warning
messages are for an overall flow iteration number XX that
is less than the required number of total overall iterations
NTOT. This number (NTOT) is shown following the listing
of any warning messages in the following statement:

CONVERGENCE ACHIEVED IN NTOT
OVERALL ITERATIONS

(6) The user is cautioned that it is possible to specify
configurations or situations that have no physical solution.
These are usually caused by specifying the flow option
IOPTW = 1 while also specifying incompatible inlet and exit
flow areas and pressures, as well as possibly unrealistic friction
factors or heat transfer coefficients. For such cases the
following error message is printed out:

ABORT—COOLANT FLOW HAS NOT CONVERGED
IN 100 ITERATIONS

For this error message a suggested course of action is described
under Miscellaneous Comments in the section Program Input.

Example Problems

The example problems shown in this section were run on
an IBM-compatible Amdahl-5869 computer and with an initial
version of CPF which had no provision for direct heat addition
(sec example 3).

Example 1

Example 1 illustrates most of the features of CPF by
analyzing the upper flow path of the conceptual cooled radial
turbine of figure 1. This figure does not represent a specific
cooled radial turbine design but illustrates the various features
that CPF can accommodate.

The nodal breakdown of the upper flow path (consisting of
24 nodes) is shown in figure 2, and the detailed data input is
shown in figure 8. The plain passage (from the inlet to the start
of the turbulators) is modeled by intervals 1 to 4. Specified
options for these intervals are IOPTHT = 4 (internal plain-
passage correlation) and IOPTFF = 2 (user-input friction factor
curve using NPFF4, etc.). Note that interval 2 contains the inlet
for the bypass flow (NBPI = 2). Interval 5 is a fake interval
that accounts for the sudden area change between the plain
passage and the trip-strip passage. Dummy values (equal to 7)
are used for IOPTHT and IOPTFF. Intervals 6 to 8 model the
trip-strip passage up to the first turn at the tip cap (IOPTHT = 1|
and IOPTFF = 1). Interval 9 models the 90° turn via a plain-
passage heat transfer correlation (IOPTHT = 4) and a specified
K factor (KTSGMT) for friction (IOPTFF = 4). In interval 10
the heat transfer is specified from an input Colburn J-factor
curve (IOPTHT =5 and using NPCJF, etc.), along with a

specified K factor for friction (IOPTFF = 4). Interval 10 also
feeds the tip-cap flow (NTCF = 10). Interval 11 models the
second 90° turn at the tip in the same manner as interval 9
(IOPTHT = 4 and IOPTFF = 4). Intervals i2 to 16 model the
trip-strip intervals leading up to the start of the pin fins
(IOPTHT = 1 and IOPTFF = 1). Interval 17 is a fake interval
that models the sudden arca change between the turbulators and
the pin fins. As before, a dummy value of 7 is specified for
IOPTHT and IOPTFF. Intervals 18 to 22 model the pin-fin
passage up to the finned exit (IOPTHT = 2 for heat transfer,
along with a user-specified friction factor. IOPTFF = 0). Notc
that the bypass flow reenters at interval 18 (NBPO = 18).
Interval 23 is a fake interval to account for the sudden area
change at the finned passage (a dummy value of 7 for IOPTHT
and IOPTFF). Interval 24 models the finned exit passage (using
IOPTHT = 3 and IOPTFF = 3).

The following discussion, as well as the notes on the left
margin of figure 8 further describe and clarify the input. The
first line is the title and the second line starts the NAMELIST
data set called DATT. The first three lines set overall param-
eters as well as inlet and exit conditions. Note that English
units are specificd and that two slices are specified for each
of the 24 intervals (NSLI = 24+2). The next four lines specify
parameters for the input Fanning friction factor curve, and
the following three lines specify the Colburn J-factor input
curve. The geometric flow path (at the passage centroid) is
described via the parameters Z. R, and Y. There are 24
specified values for each. followed by 126 zeros. These trailing
zeros are arbitrary values that further fill the arrays and have
no bearing on the calculations. Such fill-in values are used
throughout the data input set. The next four lines are the
specifications of the options for fake intervals, heat transfer,
and friction factor. Note that, where dummy values are needed.
the value of 7 is used. The next two lines contain geometric
parameters (EDD and PDE) needed for the specified trip-strip
heat transfer correlaton (IOPTHT = 1). the roughness
parameter (DOE) for the specified friction factor correlation
(IOPTFF = 3), and specified total pressure loss coefficients
(KTSGMT). Note that although these values are needed only
for specific intervals, values are assigned for the total array.
The next four lines contain parameters needed for the specitied
finned passage and are followed by eight lines with required
arca and hydraulic diameter values. Note that the parameters
AV and DHV are needed only for the pin-fin passages. The
next line contains values of user-specified friction factors (F)
and wall temperatures (TW), and the last six lines specify the
needed parameters for tip-cap and bypass flow.

The CPF output corresponding to the figure 8 data input
is shown in figure 9. The output is in the original node/interval
input frame of reference. Note that warning messages appear
for overall flow iterations 8 and 9. The warnings can be
ignored, since convergence was achieved in 27 overall
iterations. Also note that for fake intervals the output values
of Stanton number (ST), Nusselt number (NU), friction factor
(F). heat transfer coefficient (HC), and adiabatic wall
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temperature (TAW) are all shown as zero. Finally, note that,
although each interval was specified to be divided into two
slices (NSLI = 24+2 in fig. 8), figure 9 shows that for the
appropriate intervals (2. 5, 9, 10, 11, 17, 18, and 23) no
interval division was allowed (NSLI forced to be 1 for fake
intervals, bypass intervals, tip-cap intervals, and intervals with
specitied KTSGMT).

Example 2

As stated in the section Flow Path Modeling, the free flow
area change between nodes or slices defining a *‘regular’
interval determines the accuracy of the flow calculations.
Example 2 illustrates the amount of computational error to be
expected from various area variations. Two flow paths are
analyzed: the first decreasing in arca from 10 cm? to 5 cm?,
the second increasing in area from S ¢m? to 10 cm?. Both
flow paths are modeled with just one interval, which is

successively divided into various slice numbers (from 2 to
150). The analysis assumes no friction and no heat transfer
(isentropic flow) in order to isolate the effect of area change.
Physical properties are assumed to be constant. The input data
are shown in figure 10. Note that hydraulic diameter (DH)
is set to a dummy value (1.0), since no friction or heat transfer
is specified. Inlet total pressure and total temperature are
identical for both cases (100 N/cm? and 500 K, respectively);
exit pressures are 65 and 94 N/cm? for the decreasing and
increasing area cases, respectively. The fixed weight flows
correspond to the specified inlet total and exit static conditions.
The calculated results are summarized in table II.

Since no friction or heat transfer is specified, the exit total
conditions ideally should be equal to the inlet total conditions.
As can be seen, this is not the case, and the changes in total
pressure and total temperature from inlet to exit are thus a
measure of the flow calculation accuracy. As expected,
accuracy increases with an increase in the number of specified

TABLE I1.-SUMMARY OF EXAMPLE 2 RESULTS (QUTLET CONDITIONS)

(a) Decreasing flow area

:!" - 1180“;‘; , ¥ =139 Ay = 5 cm?
in = CM” — o . _ g s
Ton = 500 K w = 0.8721 kg/s Pou = 65 N/em
CPF predictions for number of slices Insentropic
solution
2 5 10 20 40 60 80 100 125 150
Temperature, 7, K - 439.1 | 441.7 | 442.5 | 4427 | 442.7 | 4427 | 442.7 | 4427 | 4427 443.1
Total temperature, 7', K = 497.3 | 498.6 | 499.0 | 499.1 | 499.1 | 499.1 | 499.1 | 499.1 | 4991 500.0
Pressure, p, N/cm? - 63.69 | 64.81 | 65.13 | 65.23 | 65.24 | 65.25 | 65.25 | 65.25 | 65.25 65.0
Total pressure, p’, N/cm? - 99.27 | 99.82 | 99.98 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 100.0
Mach number, M --- 10.8247 | 0.8128 | 0.8094 | 0.8085 | 0.8083 | 0.8083 |0.8082 | 0.8083 | 0.8083 | 0.8117
(b) Increasing flow area
Agp =5cm’
) 2 =139 Ay = 10 cm?
= 100 N/cm* .7 out 5
7 " sk T ™| W = 0.8843 kg/s Pou = 94 N/em?
CPF predictions for number of slices Insentropic
solution
2 5 10 20 40 60 80 100 125 150
Temperature, T, K 500.5 | 495.1 | 493.3 | 492.6 | 492.4 | 492.3 | 492.3 | 4923 | 4923 | 4922 491.4
Total temperature, 77, K 508.9 | 503.6 | 501.9 | 501.2 | 501.0 | 501.0 | 501.0 | 500.9 | 500.9 | 5009 500.0
Pressure, p, N/em? 97.39 | 9512 | 94.36 | 94.06 | 93.96 | 93.94 | 93.94 | 93.93 | 93.93 | 93.92 94.0
Total pressure, p*, N/cm?® | 103.3 | 101.1 1004 | 100.1 | 9998 | 99.96 | 99.95 | 99.95 | 99.94 | 9994 100.0
Mach number, M 0.2919 10.2973 10.2991 | 0.2999 | 0.3001 |0.3001 |0.3002 {0.3002 | 0.3002 | 0.3002 | 0.2997




EXAMPLE PROBLEM 2 (CALCULATION ACCURACY)
&DATT 1ECHO=0, IUNITS=1, IOPPRP=0, RG=287.053, RPM=0.0,
G=1.39, CP=0.24, XMU=2.65E-4, XK=D.95E-G,
NI=1,ZIN=0.0, RIN=0.0, YIN=0.0, AIN=10.0, DHIN=1.0,
PTSP=100., TTSP=500., KTIN=0.0, POUT=65.0,
7z=10.0, R=0.0, Y=0.0, A=5.0, IOPTW=0, WIN=0.8721,
I0PTFI=0, IOPTHT=0, IOPTFF=0, NSLI=2,
HC=0.0; DH=1.0, F=0.0, TW=1000. &END
&DATT NSLI=5 SEND
&DATT NSLI=10 &END
&DATT NSLI=20 &END
&DATT NSLI=40 &END
&DATT NSLI=60 &END
&DATT NSLI=80 BEND
&DATT NSLI=100 &END
&DATT NSLI=125 &END
&DATT NSLI=150 &END
&DATT AIN=5.0, PDUT=94.0, A=10.0, WIN=0.8843, NSLI=2 &END
&DATT HSLI=5 &END
&DATT NSLI=10 &END
&DATT NSLI=20 &END
&DATT NSLI=40 &END
SDATT HSLI=60 &END
&DATT NSLI=80 &END
&DATT NSLI=100 ZEND
&DATT NSLI=125 &END
&DATT NSLI=150 &END

Figure 10.—Example 2 input data.

slices. A two-to-one area change from inlet to exit is a severe
gradient, and a small number of slices cannot yield an accurate
solution. Note that for the decreasing-area case, no solution
was obtained for two slices (the calculated exit Mach number
exceeded 1.0). Table 11 shows that, for both cases, solution
accuracy increased up to approximately 40 slices but remained
essentially unchanged for slice numbers greater than 40.

The fact that the CPF predictions do not maich the exact
solution is not surprising, since CPF is by nature ill suited
for calculating isentropic flow paths (owing to the extensive
nested iteration loops in the calculation procedure). The results
suggest that sufficient engineering accuracy is obtained if the
free flow area change between adjacent nodes or slices is less
than 10 percent.

Example 3

Example 3 compares the CPF predictions for both Fanno
line and Rayleigh line calculations for Mach numbers between
0.20 and 0.75. Both cases treat a constant-area duct with an
inlet area of 10 ¢cm? (diameter, 3.568 ¢m) and an inlet total
temperature and pressure of 300 K and 100 N/em?,
respectively. Weight flow is fixed at 0.7874 kg/s, which results
in an inlet Mach number of 0.20. The flow paths are modeled
with one interval and various numbers of slices (50, 100, and
150). The input data are shown in figure 11.

A friction factor of 0.10 along with zero heat transfer was
chosen to check the Fanno line prediction. From standard
Fanno line tables the needed path length to go from Mach 0.20
to 0.75 (with a friction factor of 0.10) is 36.0143 diameters
(Z = 36.0143+3.568 = 128.50803 cm in fig. 11). Calculated

results are shown in table I1I for specified slice numbers of

50, 100, and 150. Calculation accuracy increased with slice
number, and for 150 slices the predicted results essentially
coincided with the Fanno line predictions.

EXAMPLE PROBLEM 3 (FANNO AND RAYLEIGH LINE)
&DATT IECHO=0, IUNITS=1, IOPPRP=0, RG=287.053, RPM=0.0,
5:1.646, CP=0,23978, XMU=1,8E-4, XK=0.6E-4,
N1=1, ZIN=0.0, RIN=0.0, YIN=0.0, AIN=10.0, DHIN=3.56825,
10PTH=0, WIN=.787355,
PTSP=100.0, TTSP=300.0, KTIN=0.
Z=128.50803, R=0.0, Y=0.0, N5LI= 50. A=10.0, HC=0.0, DH=3.56825,
F=0.10, TW=500. &END
&§DATT HSLI=100 &END
&DATT NSLI=150 &END
3DATT 2=12.576, F=0.0, HC=2.0, TW=2000., NSLI=50 &END
RDATT Z=12.574, NSLI=100 &END
&DATT Z=12.572, NSLI=150 ZEND

Figurc 1. —Example 3 input data.

TABLE lII. —SUMMARY OF EXAMPLE 3 RESULTS

(4) CPF Fanno line predictions. Friction factor, 0.10; path length,
36.0143 diameters.

Inlet Outlet conditions
conditions """ -
CPJ* predictions for Fanno
number of slices solution
S0 100 150
Temperature, 7 K 297.0 2089 | 26951 269.6 | 2069.6
Total temperature, 77, K 300.0 2097 129991 2999 0.0 1
Pressure, p, Niem® 97.25 | 2440 | 24.66| 2968 | 2469 |
Total pressure, p', N/em? 100.0 3572 3583 3584 | 35RS ,
Mach number, M 0.20 0.756 {0.751] 0.750 | 0.730 J

{by CPF Rayleigh line predictions. Arbitrary heat transfer coefticient and wall
temperature: path length varied to produce desired exit Mach number

Inlet Outlet conditions
conditions p—————=r—————————"7 7 """}
CPF predictions for Rauyleigh
number of slices solution
50 100 150
Temperature, 7, K 297.6 14601 1461 1460 1461
Total temperature, 77, K 300.0 1625 1625 1625 1625
Pressure. p, Njem?® 97.25 57.45 57.45 57.45 §7.45
Tolal pressure, p', Niem? 100.0 83.43 | 8343 83.43 833.44
Mach number, M 0.20 0.750 | 0.750 0.750 1 0.750
Path length, cm 12.576 | 12574 | 12572 --—--

Closed-form solution Rayleigh line results are based on fixed
levels of heat flux into the fluid. Since the initial version of
CPF (by which this example was calculated) did not accommo-
date specified levels of heat flux directly, comparison of results
had to be based on factors other than total heat flux. For the
CPF calculations an arbitrary heat transfer coefficient and wall
temperature were specified (HC = 2.0 cal/em® s K and
TW = 2000.0 K), along with zero friction factor. Path length
was varied until the desired exit Mach number (0.75) was
reached. The input data are shown in figure 11 (last three
lines). A comparison of the calculated exit temperatures and
pressures (for the various slice numbers) is shown in table I1.
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All three cases match the Rayleigh solution temperatures and
pressures. Note. however, that slightly different path lengths
had to be specified for the various slice numbers. Appendix E
describes a feature added to CPF by which the Rayleigh line
problem can be solved directly. A heat generation term has
been added to the energy equation; an example problem is
illustrated for both positive and negative heat generation, and
agreement is shown with the closed-form solution.

Concluding Remarks

A computer program called Coolant Passage Flow (CPF)
has been developed that calculates the coolant’s flow rate,
temperature, pressure, and velocity and the heat transfer
coefficients inside turbomachinery cooling passages. Flow can
be bled off for tip-cap impingement cooling, and a flow bypass
can be specified in which coolant flow is taken off at one point
in the flow channel and reintroduced at a point farther
downstream in the same channel. Although specifically
developed for radial turbomachinery, CPF can be used to

analyze any turbomachinery coolant geometry that consists of
a single flow passage with a single inlet and exit. CPF
integrates the one-dimensional momentum and energy
equations along a defined passage, taking into account area
change, mass addition and subtraction, pumping, friction, and
heat transfer. CPF predictions closely agree with closed-form
solutions for isentropic flow, Fanno line flow, and Rayleigh
line flow. Although the present version of CPF does not allow
generalized flow branching, this ability is being developed.
Reference 5 is a preliminary report describing an extension
of CPF that includes a larger number of available heat transfer
and friction factor specification options.

For the flow passage geometries that it is designed to
accommodate, CPF will give quick and accurate solutions.
It is hoped that turbomachinery designers will find CPF to be
a useful tool.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, February 26, 1990
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Appendix A
Symbols

2 |4

area, m’; ft
discharge coefficient; defined as ratio of actual

to ideal flow

X
constants .
specific heat at constant pressure, )
cal/(g K); Btu/(Ibm °R) z
diameter, m; ft p
hydraulic diameter, 44/P, m; ft
surface roughness, m; ft Y
parameter defined by ¢ © = Re(e/D) N2 A
Fanning friction factor, ApD,,gC/Zszp
force-mass conversion constant, 1:
32.174(Ibm ft)/(Ibf s%)
enthalpy, J/kg; Btu/lbm Ty
coolant heat transfer coefficient, e
cal/(m? hr K); Btu/(ft> hr °R)
Colburn J-factor, h.(Pr)**/pVC,
total pressure loss coefficient (K factor), Subscripts:
Ap'/(l/szz) aw
thermal conductivity, cal/(m hr K); bp
Btu/(ft* hr °R) ch
total length of flow path to a particular F
node, m; ft .
. imp
half-height of a fin (fig. 6), m; ft )
in
interval length, m; ft .
in
Mach number !
n
fin spacing (fig. 6). m; ft
. PP
rotational speed, 1/s (
re
Nusselt number, h./Dyk = (St)(Re)(Pr) s
perimeter, m (ft) .
c
Prandtl number; C,u/k
el . . . . v
pressure, N/m~; psia (or trip-strip spacing
(fig. 5), m; f) !
gas constant, J/(kg K): (ft 1bf)/(Ibm °R) *
Rayleigh number, N2 (1/TX(T, — T,,)Dj, 2
x Pri(u/p)? 3
Reynolds number, pVD,/u 4
Rossby number, ND,/V
radius, m; ft Superscripts:
total heat transfer area of pin-fin interval, )
2 2 .
m-; ft- @)
Stanton number, Nu/(Re)(Pr) = h./pVC, i
temperature, K; °R nd

velocity, m/s; ft/s (or open volume in
pin-fin interval, mY; fth)

coolant flow rate, kg/s; lbm/s
distance along flow path, m: ft

distance in plane perpendicular to both r
and z (fig. 1), m; ft

distance along axis of rotation (fig. 1), m; ft

angle between flow path and a perpendicular
line to axis of rotation, deg
ratio of specific heats

recovery factor; equal to ¥'Pr or (Pr)**%

(egs. (B29) and (B30))
viscosity, kg/(m s); Ibm/(ft s)
density, kg/m?; lbm/ft’
fin thickness (fig. 6), m; ft

parameter defined by ¢, = (271,._pp/ Ef,«)mo
(eq. (B45))

adiabatic wall

bypass

choke

film

impingement

inlet

injection

node or interval number
plain passage

reference

supply

tip cap

based on volume

wall

component in direction of main-stream flow
station at tip-cap inlet
station in tip-cap chamber

station at tip-cap exit

total conditions
arithmetic average
interval

nodal



Appendix B
Analysis Equations and Flow Solution Procedure

All flow calculations in CPF are based on one-dimensional,
compressible fluid flow for a gas obeying the perfect-gas law.

The following notation will be used throughout appendix B
to differentiate between values at node points and interval
values: symbols representing nodal values will be shown as
plain symbols without modifiers; if the symbol refers to a
specific node number, the symbol will be subscripted by the
node number. For example, A, 7, and C, represent general
nodal values of area, temperature, and specific heat ratio,
respectively; A,, T, and C,.. designate those parameters for
node n. All symbols representing interval values, including
those designating the arithmetic average of bounding nodal
values, will be shown with a bar (") over the symbol (denoting
average value over the interval). Values for specific intervals
will again be subscripted by the interval number.

Main Program

The main program starts by setting default values and by
checking for incompatibilities between the selected friction and
heat transfer options. The specifications for tip-cap and bypass
flow are also checked. If any irregularities are found, the
program terminates with an appropriate error message.

The chosen input units are next converted to working English
units, and the maximum allowable (choked) weight flow at
the inlet is calculated (to establish an upper bound on allowable
weight flow) as follows:

Ts
Ty = S (B1)
P+ —
2
).50
Vch = <7Rg¢'Tch)[ (Bz)
ps
Peh = ] Y- 1) (B3)
1+1= -
2
¢ — KpiwpaV?
pc'h — Ps T.inPch¥ ¢h (B4)
2Rg, T,
‘ Vi
W= Pen¥endi (B5)
Rg(‘TCh

If the physical properties are calculated from subroutine
AIRPRP, these calculations are iterative, since v is then a
function of temperature.

Overall flow iteration procedure.—From the specified
entrance conditions and an assumed or specified inlet flow rate,
the flow solution is obtained by marching along the defined
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flow path from node to node. If the user chooses to subdivide
the input flow intervals into slices (NSLI(n) > 1), the program
switches from the input nodal frame of reference to a new,
calculated, slice frame of reference, in which new node and
interval numbers are created in accordance with the total
number of slices. All calculations are performed in the new
frame of reference. The required node parameters needed at
the new slice node locations are obtained by linear interpolation
of the appropriate original input nodal values. Input variables
that were specified for the original input intervals are retained
for the new intervals (which were created by slicing up the
original intervals). For all equations presented in this appendix,
references to node or interval numbers can refer to either the
original input frame of reference or the new, calculated, slice
frame of reference, as appropriate.

The pressure and temperature at each node are calculated
from the previous node by

dj

Pn = Pr-i + <_p> dxn (B6)
dx y
dT

Tn = T,,,| + <—> d.X,, (B7)
dx n

The derivatives (dp/dx), and (dT/dx), are derived in appendix D
and are as follows:

q 1 3 N T
Py = Cl » Ri + —
dx/ ~ C2 C, \ pA W
+ 2 (R T ( GnTw |, Vi
2G, \ pA wC,  2wC,
+ Vinjx 2w/A)Rg T ) [aw
/‘I I;/I dx n

. (w/A)’RgT  C1 (wRgT\*) [dA
pA C,A \ pA dx ),

_ 4fRg T(w/A)? . Nrp (dr)

dx

Zﬁb,, Rg‘T

(B8)

4h ACHT, — T,,)
Vi’CpDh



4h1A( TM' - wa) }
+ (B%)

\:’E’,Dh
where V,, . is the component of velocity of the injected gas
in the main-stream flow direction and

dw W, — Wy_|

—_) = (B10)
dx /, £,

dA An B An—l

— )= (B11)
dx /. f,

dr Fo = VTu-1

Ty =Tl (B12)
<dr>” €,

The constants C1, C2, and CT are defined as follows:

(w/A)’Rg.
Cl= (B13)

v/ A) ' Rg:T
P[l 4 0974) 8(1
r- G

c2=1 L

w/A):Re T Cl v/AVRe T
_ (w/A)°Rg. Ll {(W/ ,,) 8. ] (B14)

P p G p
/A)IRGET
cr =1+ DK (B15)
G

Equations (B6) to (B15) contain variables denoting average
values over the interval from node n—1 to node n. They
are designated by a bar ( ) over the symbol. The average
geometric parameters (r, A, and D) are known, but average
flow and heat transfer parameters (W, p, T, h, and T,,) and

average physical propertics (C,,) must be determined in an
iterative manner during the solution marching process. The
formulation of equations (B6) to (B15) also places a premium
on small step size for calculation accuracy. Although the slice
option (NSLI(z) > 1) can be used to generate any number of
additional slices, each new node and interval generated by the
slice option creates additional array requirements for numerous
variables. Depending simply on sufficient slices to get the
desired calculation accuracy requires very large array sizes
for the program variables.

In order to get additional accuracy without needing an
exorbitant number of slices, the program further divides each
input or slice interval into smaller sections called steps. New,
average, geometric variables (position, area, and hydraulic
diameter) are calculated by linear interpolation for each step.
Pressure and temperature at the next node (node n) are
determined from the previous node (node n — 1) values by
the following iterative procedure, consisting of an inner and
an outer iteration.

For the first pass through the equations, all average values
of pressure p and temperature T are assumed to be equal to
the starting node (node n — 1) values. The interval is then
divided into four steps and the appropriatc average step
geometric variables are calculated. The solution is marched
to node n. where Mach number, pressure, and temperature
are determined. Next, the number of steps is doubled, average
step geometric variables are recalculated, and the solution is
again marched from node n — 1 to node n. The calculated
Mach number at node n is now compared with the previously
calculated Mach number. The doubling of step numbers is
repeated until the relative difference between successively
calculated Mach numbers at node n is less than 5.0 107°
(relative difference is defined as the absolute value of (New
value—Old value)/Old value). This iteration procedure is
referred to as the *‘inner iteration.’” Note that neither physical
properties, friction factors, nor heat transfer coefficients are
recalculated at each step. They are based on average values
in the interval.

Once the Mach number has converged, the calculated
pressure and temperature at node n are used to determine new
average values of p and T between the nodes. The described
inner iteration is repeated (for 4, 8, 16, . . ., etc., number
of steps) with the new p and T values. This overall procedure
is referred to as the ‘“outer iteration." It is repeated until the
relative differences between successively calculated values of
p and T are less than 5.0x107%.

The described marching procedure is repeated for each
interval from the inlet to the exit. If the flow rate was specified
(IOPTW = 0) and all node Mach numbers {(except at the exit)
are less than 1.0, the solution is obtained in one pass. If a Mach
number = 1.0 is calculated, the program aborts with an
appropriate error message. If the program is to determine the
flow rate (IOPTW = 1) and a nodal Mach number = 1.0
is calculated anywhere except at the exit, the marching
procedure is restarted at the inlet with a reduced weight flow.
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Once the exit is reached. the calculated pressure at the last
node is compared with the specified exit pressure. A new guess
of ‘nlet flow rate is then made, and the marching procedure
is repeated until the calculated and specitied exit pressures
converge. For choked flow at the exit the specified back-
pressure is decoupled from the solution,

When a converged solution is reached, the working English
units are converted back to the specified input units and the
output is printed. The input data set is then scanned for the
next input case.

Inlet conditions for bypass and tip-cap flows.— At the inlet
to the bypass channel (in interval NBPI) the total pressure and
temperature are a function of the assumed inlet pressure
recovery factor Ky, (input variable PBPRI) and the average
interval static and total pressures and temperatures as follows:

Prp.in = Paset T (Onset = Prae K (B16)
Topan = Tappt + (Tappr — Txpp)K7op (BI7)
where

. ) ’ > Ny " y
Pt = P pp1 |7 PNppl (B18)

INKP + pPynp
Pl = Pnari 17 Pxapi (B19)

. 'I"h' _ + ’l“’ )l

Tt = BPI l, NBE (B20)

Tnppe 1+ Tagm

Tppr = — (B21)

If K;py is zero. the bypass inlet total pressurc and
temperature are equal to the average static values in interval
NBPL: if K, equals 1.0, the bypass inlet total pressurc and
temperature are equal to the average total conditions in interval
NBPI. The bypass inlet pressure recovery factor (default value,
0.0) must assume a value between 0.0 and 1.0. If a value less
than 0.0 or greater than 1.0 is input. the variable is reset to
0.0 and 1.0, respectively.

The inlet total temperature and pressure for tip-cap tlow in

interval NTCF are assumed to be the arithmetic averages of

the static conditions in the interval. That is.

TN']‘CFjl + ]N'I'CF

T:l.v.m =Tnrer = 5 (B22)
: PNtk -1 T PNTer
Pr.in = PNTCF = Ty (B23)

Friction factor and pressure drop calculations.—The
friction factor used in CPF is the Fanning friction factor
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defined by

FN\ v
Ap =4f [ — B24
Y f (Dh)Zg( p (B24)

Only five correlations for specifying friction or pressure drop
in an interval are provided in CPF: (1) user-supplied friction
factor. (2) trip-strip correlation, (3) friction factor input curves
(for pin fins, finned passages, or plain passages), (4) roughened-
plain-passage correlation, and (5) K-factor specification. No
attempt is made to accommodate the myriad of available
correlations, most of which have a narrow range of geometric
applicability. The user can readily program specific correl-
ations into CPF. Note that a broad range of correlations is
used and discussed in reference 5.

When user supplied, the friction factor is input via the input
variable F(NI). When friction factor curves are input in tabular
form as a function of Reynolds number for pin fins, finned
passages. and plain passages, the corresponding input friction
factor variables are FFF2(NPFF2), FFF3(NPFF3), and
FFF4(NPFF4), respectively. For this option the required
friction factor is determined through interpolation by sub-
routine SPLFIT. which will be described scparately.

For trip strips (roughened tubes) the friction factor is
calculated from a correlation of reference 6.

2.0
f= (B25)

-\ 0.537°
D Iz
25In{— ) —3.75+095(<%
2¢ e

This equation is valid for 10 < p/e < 40 and ¢ * > 35. where

N 2
et = Re <‘—> <1> (B26)
p) \2

If the friction factor is to be calculated from the plain-passage
correlations of reference 7, subroutine WWWFF is used. This
subroutine will be described separately.

If a total pressure loss cocfficient K is*specitied for an
interval (input variable KTSGMT), it is transformed to a
Fanning friction factor as follows:

.- k'['Dh
T

(B27)

Total pressure losses due to sudden expansions and con-
tractions in fake intervals are calculated by subroutine
TPLOSS, which will be described separately.

Heat transfer calculations.—Heat addition to and subtrac-
tion from the fluid in each interval are driven by the difference
between the specified wall temperature and the calculated
adiabatic wall temperature, which is defined by



To=T+ AT —T) (B28)
The recovery factor A is a function of the average Reynolds
number in the interval

A= Pn®"  for Re < 2300 (B29)

A=@Pr)®P  for Re = 2300 (B30)
Physical properties in the heat transfer calculations are
evaluated at the reference temperature given by
for Re < 2300

T.=05T,—T)+T (B31)

T.=05T,+028 T+ 0227, forRe= 2300 (B32)

The Nusselt and Stanton numbers are calculated from the
specified or calculated heat transfer coefficient as follows:

E(‘ Dh

Nu = < B33

u p (B33)

St = (B34)
(Re)(Pr)

As for the pressure drop correlations, CPF provides only
a limited number (six) of heat transfer correlations for the flow
path intervals: (1) user-specified heat transfer coefficient,
(2) trip-strip correlation, (3) pin-fin correlation, (4) finned-
passage correlation, (3) plain-passage correlation, and (6) input
Colburn J-factor curve. There are many other heat transfer
correlations in the open literature that the user may wish to
incorporate into CPF (most for a limited and quite specific
range of geometries). Although the existing heat transfer
correlations in CPF have a strictly one-dimensional character,
actual internal heat transfer in turbomachinery shows strong
three-dimensional effects (such as variations in heat transfer
between the passage’s leading and trailing surfaces). Such
variations are accounted for, in a limited sense, by the
expanded number of correlations used and discussed in
reference 5.

For trip strips (roughened tubes, IOPTHT = 1) a correlation
of reference 6 is used.

!
2

~\05 BN —\0.53
I+ <§> [4.5@*) (Pr)°'57—0.95<£> }

(B35)

St=

This equation is valid for 10 < p/e < 40 and et > 35,
where e* is given by equation (B26). The heat transfer

coefficient is then evaluated from

_ (SHRe)(P(K)
511

h (B36)

¢

For pin fins (IOPTHT = 2) the correlation of Van Fossen
(ref. 8) is used with hydraulic diameter and Reynolds number
based on open volume.

(Nu), = 0.153(Re)} (B37)
. Nu), k
h, = WK DU)\ (B38)
hv

For plain passages the heat transfer coefficient is evaluated
from an internal correlation (IOPTHT =4) or from an
input J-factor curve (IOPTHT = 5). The internal correlation
for laminar flow (Re < 2300) is

h, = 4.226 L (Re)*0!(Pr) 033
D,

(B39)

This formulation is not of the usual form found in the open
literature. It was determined from a J-factor curve fit of
unpublished engine company data for a rectangular duct with
a width to height ratio of 3. The internal correlation for
turbulent flow (Re > 7000) is

k
- 0023 _ (RC)O'B()(PI‘)OJ-‘R
Dh

h (B40)

I

and the internal correlation for transition flow (2300 < Re
< 7000) is

HT7000 — HL2300

i ]
2951

—2.951(Re — 2300)
X {1 —exp
7000 — 2300

(B41)

h. = HL2300 +

where HL2300 and HT7000 are equations (B39) and (B40)
evaluated at Re equal to 2300 and 7000, respectively. Note
that the exact formulation of the laminar and transition
equations may not be of great importance. since any practical
cooling design will usually have turbulent flow.

If the heat transfer coefficient is obtained from an input
Colburn J-factor curve (IOPTHT = 5), it is calculated from



JoVC,
ho= P

¢ 0.6667
(Pr)F

(B42)

where (Pr)g is the Prandtl number evaluated at the film
temperature
Tr=05T+T,) (B43)

For finned passages (IOPTHT = 3) the heat transfer
coefficient is evaluated from

h, 2 tanh(el)  —
h, = —“R ani(gaf 7) +m (B44)
m+ 7 r
where
_ 2,00 \O
o5 = < < 'Pp> (B45)
ka
and h, . is the heat transfer coefficient for a plain passage

c.pp
obtained from equation (B39). The formulation of equation

(B44) requires a different heat transfer area to get the proper
coolant heat pickup (in eqs. (B8) and (B9)). For all heat
transfer options other than finned passages (IOPTHT = 3),
the effective wetted perimeter is
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P=— B46
D, (B46)

For finned passages (IOPTHT = 3) the wetted perimeter is
based on surface length without the fins, or

P = 2 (Number of fins across the interval)(Fin spacing)
(B47)

Note that this formulation assumes heat soaking into the fluid
from two sides, as shown in figure 6.

The correction factors for heat transfer coefficient due to
rotation (HCCORC(NI)) are from references 9 and 10. For
radial outflow (ref. 9)

-0.186
HCCORC = [ a,] (Rs)%H (B48)
(Re)”
and for radial inflow (ref. 10)
Ra 1%"2
HCCORC = 1.72[ } (Rs) ~0-083 (B49)
(Re)?
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The Rayleigh and Rossby numbers are given by

N(LV(T, = T) D} (Pr)
Ra = - <T> — (il (BS0)
(%)
ND,,
RSZ‘T (BSI)
Vv

Note that equations (B48) and (B49) are valid only for purely
radial flow and when the fluid is cooling the wall. If the fluid
heats the wall (T > T,,), an appropriate warning message is
printed out.

Subroutine BYPSFL

Subroutine BYPSFL (bypass flow) uses simplified versions
of equations (B8) and (B9) to determine the flow through the
bypass channel in one marching step. The simplifications are
the deletion of all heat transfer terms and the use of constant
physical properties throughout (evaluated at the average static
temperature of interval NBPI if IOPPRP = 1). These
assumptions require that the bypass channel be kept short and
that the change in flow area from inlet to outlet be kept
reasonable.

Subroutine TIPIMP

Subroutine TIPIMP (tip impingement) calculates the flow
through an impingement tip cap. The associated flow stations
are shown in figure 7. Station 2 represents the inlet holes,
station 3 the impingement chamber at the exit of the inlet holes,
and station 4 the impingement chamber at the entrance of the
exit holes. Station 5 represents the exit holes. The chamber
area is assumed to be much greater than the inlet or exit hole
areas, giving low throughflow velocity, so that

Py = p3 (B52)

From the given inlet and exit conditions and an assumed
chamber pressure p;, an inflow and an outflow are
calculated. The chamber pressure is then adjusted in successive
iterations until the inflow and outflows are equal. Centrifugal
pumping effects are included from station 3 to station 4 but
not through the inlet or exit holes. Heat pickup is calculated
only at the impingement surface (station 4). Heat pickup in
the inlet and exit holes is neglected.

Tip-cap inlet flow calculations.—The inlet total conditions
at station 2 are assumed to be equal to the static conditions
in the tip-cap interval, as shown by equations (B22) and
(B23). Inflow static pressure p, is assumed to equal the
chamber total pressure p4. This, together with equation (B52),



implies that

P2r=PpP3=p3 (B53)
For a fixed chamber pressure p; an initial guess is made for
inlet static temperature, and a new temperature is calculated
from

oRe T, (v=Dyy 0.50
p, = { 82 [1 - C’)—> ] (B54)
y—1 2
Vy
M, = (y= iy 0.50 (B55)
er )
n
= —— (BS6)
-1,
ERLAREY Y
2

This new temperature is compared with the previously used
value, and the iteration continues until the calculated
temperature converges. The total inflow is obtained from

iy = Cpda R” 2T v, (B57)
Lod2

The discharge coefficient Cp is obtained from reference 11
and is shown in figure 12.

The effects of rotation on pressure from station 3 to station 4
are calculated by subroutine BYPSFL. The cross-sectional
flow area from station 3 to station 4 is taken as the product
of the input impingement cavity diameter (DIC in fig. 7) and
the calculated length of the tip-cap flow interval (DX(NTCEF)).
No heat addition or friction is accounted for, since the flow
path is short and the radial flow Mach number will be low.
Note, however, that temperature pickup due to impingement
is calculated as shown in the next section.

Tip-cap heat transfer calculations.—The temperature
increase due to impingement in the chamber is calculated by
the Chupp and Helms equation for jets impinging into a
concave cavity (ref. 12).

V.L'zDz
Ay

(Re), = (B58)

DISCHARGE
&%
o

COEFFICIENT,

. 1 ! 1 |

o .2 N 6 .8 1.0
MACH NUMBER, M

Figure 12.—Tip-cap flow discharge coefficient.

0.50 0.60
D
Himp = 0.63 F \ropro| 22| (22
D, (SP), Dy

_ D, 1%%/p,\'®
X exp | —1.27 Limp ) | D2 = (B59)
D, (SP), Dy
’ . hi TM" p T'
7, = 3 4+ Jmp2imp — 1) (B60)
W’QC,,
where
A total inlet hole area
D, inlet hole diameter

(SP), inlet hole spacing
L

Dy impingement cavity diameter

mp  impingement distance

Tip-cap outlet flow calculations.—Outlet flow is calculated
similarly to the inlet flow. Total exit temperature and pressure
at station 5 are assumed to be equal to the total conditions at
station 4, and the exit static pressure is assumed to be equal
to the specified backpressure. With an initial guess for exit
static temperature, the calculations proceed as follows:

2 R .T' (v~ Dy 0.50
Vs = {_L‘l_s[l — (ﬁ) (B61)
vl Ps
Vs
MS - p (y=~ /¥ 050 (862)
’ 5
()|
5
Ts
-1,
1+ X m?
2

The calculated temperature is compared with the previously
used value, and the calculations are repeated until convergence
is reached. The exit flow is then calculated from

Ps
Rg C TS

ws = CpAs Vs (B64)

The same discharge coefficient used for the inflow is used for
the outflow (fig. 12).

Subroutine TPLOSS

Subroutine TPLOSS (total pressure loss) calculates the total
pressure loss due to a sudden expansion or contraction by the
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resistance coefficients Ky for pipes (ref. 13). These resistance
coefficients (or total pressure loss coefficients) are based on
the velocity in the smaller pipe and are defined by

Ap’
K, = (B65)

]

- pyl

2 ,
smaller pipe

For sudden expansion the total pressure loss coefficient can
be expressed analytically as

Ky = <l - él—)z (B66)
r= A,

where A4, is the inlet area and A, is the exit area. The curve
for sudden contraction was curve fit by the following

expressions:
A\
X={— B67
(%) (B67)

Ky = —0.41468 X' + 0.07014 X* — 0.25946 X + 0.50
(B68)

for 0.0 < X < 0.80. and
K, = 3.64583 X° — 7.1875 X + 3.54167 (B69)

for 0.80 = X < 1.0: where A, is again the inlet area and A,,
the exit arca.

Subroutine WWWFF

Subroutine WWWFF (Welty, Wicks. and Wilson friction
factors) establishes friction factors for both smooth pipes and
rough pipes as shown in reference 7.

Smooth passage.—A passage is considered to be smooth
if the specified relative roughness D/e (input parameter DOE)
is greater than 1.0 X 10°. Reference 7 suggests the following
formulas for friction factor:

16
f= for Re < 2300 (laminar flow) (B70)

¢

. ln[(Rew'f} ~0.40

vf
for Re > 3000 (fully turbulent flow) (B71)

For the Reynolds number range 2300 to 3000 the following
equation is assumed:

In(Re) — 7.2710
= B72
f 67.5144 ®B72)

o
()

Equation (B71) is a transcendental equation and is solved by
Newton’s method.

Roughened passage.—A passage is considered to be rough
if the specified relative roughness D/e (input parameter DOE)
is less than 1.0 10°. For this case reference 7 suggests the

following formulas for friction factor:

16
f=—for Re < 2300 (Jlaminar flow) (B73)

Re

For fully developed turbulent flow the friction factor ex-
pression is not a function of Reynolds number and is given by

e

l D
——=1.737 ln<—> +2.28 (B74)
vf

This formula is valid for

D

€

(Re)Vy

< 0.01 (B75)

For the transition region the friction factor is a function of
both Reynolds number and relative roughness and is given by

1 D
1737 2) +2.28
vf <‘> <D>

e

- 1.737 In | 4.67 +1

(ReWr

(B76)
The equation is valid for

“/ =001 (B77)

(Re)V 0

and is again solved by Newton’s method.

Subroutine AIRPRP

Subroutine AIRPRP (air properties) calculates physical
properties for unvitiated air from ambient to stoichiometric
temperatures. The physical properties are specific heat ratio,
specific heat, viscosity, and thermal conductivity. They are
evaluated from curve fits of the charts of reference 14. Below
1650 °C (3000 °F) the calculated values are independent of
pressure; above that temperature the generated values are valid
only for a pressure of 3 atmospheres.



Subroutine SPLFIT

Subroutine SPLFIT (spline fit) generates a spline curve fit
from each input set of tabular data. The tabular data set must
consist of at least 3 but not more than 25 points. The curve-
fitting procedure requires the slopes at the end points. These
slopes are calculated from the first two and last two data points.

For this reason these points must be chosen such that a straight
line between them gives a good approximation to the slope
of the curve at the end points. If the calling program calls for
a value at an x location outside the range of the input table,
the value at the nearest end point is used.
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Appendix C
Input Variables

Input Description and units Variable | Default
parameter type” value
Overall parameters
TITLE Tide of up to 80 alphanumeric characters | ——————n | ——__
IECHO Option for input echo: [ 1
0—no input echo
I—input echo
ISLOUT Option for printing output at slice locations: 0
O—print only at original input nodes
I—print at all slices
TUNITS Units for input variables: 0
0—English units
1—S8I units
IOPPRP Option for physical properties specification: v 1
O—user specifies G, CP, XMU, and XK
| —properties obtained from subroutine
AIRPRP
G Specific heat ratio® R | ——--
CP Specific heat at constant pressure,* | ;[ _____
cal/(g K); Bt/(Ibm °R)
XMU Viscosity,” g/(cm s); Ibm/(fts) | | | —o———
XK Thermal conductivity,© calt/(ems K); | | | ———_
Btu/(ft hr °R)
RG Gas constant, J/(kg K); (ft Ibf)/(lbm °R) J —————
RPM Rotative speed, pm | ¥ | ____
NI Number of intervals in flow passage |
ZIN Inlet ¢ location, cm; in. R | ——
RIN Inlet r location, cm; in. L
YIM Inlet y location, ¢em; in. |4
AIN Inlet free flow area, cm®; in2 | 1 | _____
DHIN Inlet hydraulic diameter, cm; in. L 2 —
IOPTW Option for coolant flow rate: | S S
O-—user specifies coolant flow rate (WIN)
| —program calculates coolant flow rate
from specified inlet and exit pressures
(PTSP and POUT)
WIN Coolant inlet flow rate,? kg/s; Ibm/s R | ——-
PTSP Inlet total supply pressure, N/em?; psia | | | ————-
TTSP Inlet total supply temperature, K: °F | | | —____
KTIN Inlet total pressure loss coefficient 0.50
POUT Outlet pressure,® N/em?; psia | ¢ | o
Input curves
NPFF2 Number of points describing Fanning friction | -
factor curve for pin fins (3 < NPFF2 < 25)
IXFF2 x axis coordinate indicator: 1 0
0—Cartesian
|—logarithmic (base 10}
RE2 Values of Reynolds number at NPFF2 input R(NPFF2)| -----
points in ascending order
IYFF2 v axis coordinate indicator: I 0
0—Cartesian
| —logarithmic (base 10)
FFF2 Fanning friction factor values at input points R(NPFF2)| ---—-
NPFF3 Number of points describing Fanning friction | N I

factor curve for finned passage
(3 = NPFF3 < 25)




Input Description and units Variable | Defauit
parameter? typeP value
Input curves (concluded)
IXFF3 | x axis coordinate indicator: I 0
0—Cartesian
1—logarithmic (base 10)
RE3 Values of Reynolds number at NPFF3 input R(NPFF3)| ——--
points in ascending order
IYFF3 y axis coordinate indicator: 1 0
0—Cartesian -
1—logarithmic (base 10)
FFF3 Fanning friction factor values at input points R(NPFF3)| -----
NPFF4 | Number of points describing Fanning friction I | —--
factor curve for plain passage
(3 < NPFF4 < 25)
IXFF4 | x axis coordinate indicator: 1 0
0—Cartesian
I —logarithmic (base 10}
RE4 Values of Reynolds number at NPFF4 input R(NPFF4)}| —----
points in ascending order
IYFF4 | v axis coordinate indicator: 1 0
0—Cartesian
1—logarithmic (base 10)
FFF4 Fanning friction factor values at inpul points R(NPFF4)| ——--—-
NPCIF | Number of points describing Colburn J-factor I | -
curve (3 < NPCJF = 25),
J = h(P)*pVC,
IXCJF | x axis coordinate indicator: I 0
0—Cartesian
1—logarithmic (base 10)
RECJF | Values of Reynolds numbers at NPCJF input R(NPCIF)} -----
points in ascending order
IYCIF |y axis coordinate indicator: I 0
0—Cartesian
{—logarithmic
CIF Colburn J-factor values at input points R(NPCJF)| -----
Nodal and interval parameters
z z location, cm; in. R(NI) | ——
R r location, cm; in. R(ND) | -——--
Y v location, cm; in. R(NI) | ——--—-
NSLF Number of slices in each interval I(ND) !
IOPTFI Option for fake interval specification: I(NI) 0
0—regular interval
1—fake interval
[OPTHT' | Option for interval heat transfer calculations: I(ND 0
O—user specifies & via input parameter HC;
for this option the user must also specify
friction factor via input parameter F
1—trip strips (turbulator correlation of
ref. 6); user must input EDD and PDE
2—pin fins (Van Fossen correlation,
ref. 8); user must input AV and DHV
3—finned passage: user must input NFNP.
THEN, SPEN, HHTFN, and KMET
4—plain passage (internal correlation)
5—user specifies Colburn J-factor curve
via input parameters NPCJF, IXCJF,
RECIJF, 1YCIJF, and CJF
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Input Description and units Variable Del'uuﬂ
parameter! type® value
Nodal and interval parameters (concluded)
[OPTFF Option for Fanning friction factor I(ND) 0
specification:
O—user specifies f for each interval via
input parameter F
I —trip strips (turbulator correlation of
ref. 6): friction factors generated from
input parumeters EDD and PDE
2—obtained from input curves specified
by input parameters NPFF2. ete.. for
pin fins; input parameters NPFF3, etc.,
for finned passage; input parameters
NPFF4, etc.. for plain passage
3—obtained from reference 7 correlation
for roughened plain passage (must
specify DOE)
d4—obtained from specified total pressure
loss coefficient KTSGMT
FCOR! Friction factor correction R(NT) 1.0
HCCOR’ Heat transfer coefficient correction R(ND 1.0
HTACOR' | Heat transfer arca correction R(ND) 1.0
IOPTCR' | Option for calculating rotational heat transfer I(ND) 0
coefticient correction:
0--no correction
I—correction (specify only for RPM > 0.0)
EDD Relative roughness of trip strips' R{NI) -
PDE’ Relative rib spacing of trip strips! ---
DOE' Diameter-to-roughness ratiof in reference 7 | | | ————-
(roughened-passage friction fuctor
correlation)
KTSGMT' | Total pressure loss coefficient (may need to -
correct for path length via HTACOR)
NENP! Number of finned passages in interval® NI | -—--
THEN' Fin thickness." ¢m; in, R(ND) -
SPFN' Fin center-to-center spacing? em; in. | | L.
HHTEFN' Halt-height of fin" cm; in. ---
KMET' Metal thermal conductivity,® cal/tem s Ky: | | | ————-
Btu/(It hr °R)
A Cross-sectional area based on minimum free -
flow arca, em?’; in.2
AV Cross-sectional area based on open volume,! -
V/L, em®; in?
HC! Coolant heat transfer coetficient,! 0.0
cal/(em” s K); Bw/fe? hr °R)
DH"! Hydraulic diameter based on minimum free -
tlow area (D, = 44/P), cm: in.
DHV’ Hydraulic diameter based on open volume,!
4V/8. cm: in.
F Fanning friction factor* 0.0
™! Inside wall temperawre, K: °F 1|
Q Heat generation, J/kg: Biw/lbm (see appendix E) J 0.0
Parameters specifying locations of tip-cap and bypass fTow
NTCF tnterval from which tip-cap flow is specified [ -
NBPI Interval containing start of bypass channel I -
NBPO Interval containing exil of bypass channel |




Input Description and units Variable | Default
parameter? type® value
Tip-cap parameters for interval NTCF
IOPHTT Option for tip-cap flow heat transfer I 0
calculations:
0—no heat transfer calculations (flow only)
1—heat transfer based on reference 12
(correlation for impinging jets into
concave cavity)
NHI Number of tip-cap inlet holes | S
DHI Diameter of tip-cap inlet holes. cm; in. R | -—--
NHO Number of tip-cap outlet holes | I
DHO Diameter of tip-cap outlet holes, ¢m: in. R | -
PBP Tip-cap outlet hole backpressure, Niem®: | | ——
psia
RIH Radius at inlet holes (must be greater than 1} 1 —=77~
R(NTCF)), em: in.
RIPL Radius at impingement plane (must be greater | =777
than RIH). ¢m; in.
SPIH Spacing of impingement holes, cm; in. | | 1 --
ALIMP Angle between main-stream flow and 90.0
impingement flow.! deg
DIC Diameter of impingement cavity, emin. ] 77T
AIMP Impingement cavity heat transfer arca, | | | -
em¥in 0 0 |-
TWIMP Impingement cavity wall temperature, K: °F v | -
Bypass channel parameters
DLBP Channel length, cm: in. R | —-
DHBP Channel hydraulic diameter, ¢m:iin. | | 1 =777
FFBP Channel Fanning friction factor | | | =777~
AINBP Inlet area. em in.> L |} -
PBPRI Pressure recovery at inlet 0.0
(0.0 < PBPRI = 1.0)
RINBP Inlet radius, cm; in. | | | 7/
ALBPI Angle that describes component of exiting 90.0
flow in main-stream direction in interval
NBPL,! deg
AOQOUTBP | Outlet area, em®: in> | | —=—=
ROUTBP | Quitlet radius, ¢cm; in. | [ 7777~
ALBPO Angle that describes component of entering 90.0
flow in main-stream direction in interval
NBPO (fig. 3), dcg "

‘lSupcrwnpl i denotes an interval valuey supenseript
nd denotes i aodal value

I denotes unsubscripted iteger value: 10 ) denotes
subseripted integer vitue.

R denotes unsubseripted real value: RO ) denotes
subseripted real value

L‘Inpul only if lOPTW = 1
'lnpu( only i IOPTHT =1
Elnput only 1f IOPTHE = 3
Input only if FOPTHT = 3
"Input only if IPOTHT — 2
Haput only if IOPTHT - 0

“Input only il IOPPRP = 0
Yinput only if IOPTW = 0

Input only o IOPTEE — 0
Dummy variable (not presently used)

ORIGINAL PAGE IS
OF POOR QUALITY



Appendix D
Derivation of One-Dimensional Momentum and Energy Equations

Equations (B8) and (B9) are derived in this appendix. They
represent formulations of the one-dimensional momentum and
energy equations, respectively, which can be integrated along
the flow path.

Momentum Equation

Consider the flow of fluid through a control volume in a
flow path rotating with speed N about an axis as shown in the
sketch. The distance along the flow path is x, and the distance
from the rotation axis is r.

Fluid is injected at a rate dw at velocity Vinj- having a velocity
component in the main-stream flow direction of Vinj.r- The
momentum equation states

Forces (pressure, friction,
and body)

Change in momentum =
flow rate (out-in)

The friction force is expressed by the Fanning friction factor as

%ledex D)

From the definition of hydraulic diameter

4A
D, = — D2
"= 5 (D2)
the friction force becomes
1 , 44
— pVof — dx (D3)
2 f D,

The centrifugal pumping force component acting on the control
volume and directed along the flow-path axis is expressed as
mass times acceleration by

dA
p(A + 7)(& rN%cos o (D4)
where the angle « is as shown in the preceding sketch. Since
d
Cos o = il (D5)
dx
and after neglecting second-order terms (products of differ-
entials), the centrifugal force component becomes

rN2pA dr (D6)

The forces acting on the control volume are represented in
the following sketch:

/(p +dp) (A + da)

pv21ua dx
 DVTTUA dx
s 2Dy,

-

(D+d7p)dA

-

%

The body force due to the Coriolis acceleration will always
act normal to the flow path and makes no contribution along
the flow direction. The momentum equation thus becomes

W+ dw) (V + dV) — [{VV + Vigix dw]

=pA+<p+£122>dA-—(p+dp)(A+dA)

VA

dx + rN%pA dr D7
2D, o (D7)

Expanding and dropping second-order terms results in

oV faA

h

wdV + Vdw — Vi dw= —Adp -

+ rN%pA dr (D8)



Dividing by dx and combining wdV and Vdw gives

dw dp  pV*faA dr

The momentum equation can then be written as

w?Rg, dT  w'Rg.T dA

d . 5 2wRg, T dw
— (WV) = Vigjx—=—4 + rN“pA — = Vijx |/ + 5
dx T odx dx 2D, dx pA © ) dx pA  dx pA°  dx
D . ,
(D9 w2Rg. T dp d oV-f4A , . dr
R Tdp _dp PV,
The left-most term is expanded by using the perfect-gas Ap*  dx dx 2D, dr
law and
: (D13)
w
V= — (D10)
p Solving for dp/dx gives
Thus,
7 v’Rg.T —2wRg, T dw
(o) (T,
p . .
w?Rg,\ dT N w?Rg T\ dA
and pA /) dx pA* ) dx
; S VifaA . dr
4y = 2RI A g, _ VA Npn (D14)
dx pA  dx h dx
(p_l_ ar _ iz da _ iz dp> (D12) Using the perfect-gas law and equation (D10) in the friction
A de  pA” dx Ap” dx and pumping terms and dividing through by A gives the final
form of the one-dimensional momentum equation.
. .2 .2 .2
w . w w W 5
~2()Re T o Vi | @ (i) Rsear . T v
i pA A dx p dx pA dx 2pD,, Rg T dx
dx -
| -2
: (D15)

Energy Equation

Consider the flow of fluid through the control volume shown
in the following sketch:

W+ dw
——
v +dV, h+gh

Fluid is injected at a rate dw with a velocity Vinj- The energy
in a gas stream is given by h + V212 and the energy equation

states that

Change in energy = E Heat fluxes by external sources
flow rate (out-in)

Assuming that the added heat is due to convection (via the
convective heat transfer coefficient £,), the energy cquation
can be expressed as

. : V+dv)? V2 .
(w + dw) |:h + dh + (——Jrz—)} — <h + 7>w

1% .
- (h,nj + 2‘"’>dw =h P de(T, — Ty

(D16)



After expanding the left-hand side and neglecting second-order
terms, this reduces to

. ) . V2 Vrm
wdh +wVdV+ (h = hg)dw + ? — 5 dw

=hP d(T, — T,) (D17)
Dividing by dx and using
h=C,T (D18)
vRg T
y = Me (D19)
Ap

the energy equation can be arranged to give

w’Rg T Rg.T

dT (. w’Rg T wRg, .
- H,C‘p + — } = - — = C T+ Cp 1nJT|n)
dx pA pA pA pA

4 w Rg(T ng‘
pa pA®

Dividing through by wC,, and using the definition of hydraulic
diameter (eq. (D2)) gives the final form of the one-dimensional
cnergy equation.

ar _ 1 w (Rg.T 3+ T+ W Rg‘T
dr CT C, \ pA " 2C
_ Cp.ianin_; + m) dw
C ,,\.\' 2w CI, dr
L] uRg‘T aa [ 1 (wReTY] dp
G dx | pC, \ pA dx

+ 4h‘A(T“. - Taw)
\r."CI,D;,

where

A) R%’T
pC

P

D24
CT=1+"——— 024

Marching Equations
Equations (D15) and (D23) are two simultaneous equations

in the variables dp/dx and dT/dx. In order to march the

30

C dT wRg T ﬁ wRg, T
(Lx pA  dx pA
1 /wRe, T T dw
|:CT CpmJTmJ+2( pA > _5 ij] dx
= h('P(Tw - Taw) (D20)

The second term can be expanded to give

d (wRg T\ RgTdw wRg dT
dx pA pA dx pA dx
wRg T dA  wRg.T d,
B CR{ PI
pA°  dx pA dx

Substituting this back into the energy equation and collecting
the terms containing d7/dx gives

ng( T 1 dM
+ - VmJ
2 pA 2 dx

[WzRg(.T ngl.T} dp + hP(T,

A A Tou) (D22)

solution along the flow path, they must be solved for the
individual variables. After substituting the energy equation into
the momentum equation (replacing d7/dx) and performing
considerable algebraic manipulation, the momentum equation
takes the form shown as equation (B8).

dp 1 v (Rg.T\' T w
P crf Z(22) +2+ 2 Rg‘T
d« C2 C, \ pA w  2C,

w .
Cp inj ij + anj + Vinj..r _ 2<Z>Rg‘T d_W
C w 2WC A pA dx

+

(%')&Rg‘] Cl /wRe.T\* { da
e

pA  CA dx

p.v 2
~ 4fR§’(7(Z> N Nzrp ﬂ 4h ACI(T,. — T,,)
2pD, Rg T dx w C,D,,

(D25)



where

Y

Wy . ,
(;) ReT 1 [wRe.TY
M- (D27)

P’ rC,

C2=1-
pA

(D26)
This value for dp/dx is then substituted into the energy

equation (D23) to evaluate ¢ T/dx. and the solution is marched
from node to node as explained in appendix B.
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Appendix E
Feature of Computer Code for Predicting Coolant Flow and
Heat Transfer With Specified Heat Generation

Teresa R. Kline

This appendix describes a feature of the computer code CPF
that allows the direct specification of heat generation in a given
flow interval. With this feature Rayleigh line flow problems
can be solved directly. The appendix provides derivations of
the equations, shows input and output, and demonstrates the
use and accuracy of the feature via an example problem.

The code originally had no provision for direct heat generation
(specifying a desired quantity of energy addition or subtraction
in a given flow interval). Heat addition or subtraction was
accounted for through a specified or calculated heat transfer
coefficient, a heat transfer area, and the temperature difference
between the wall and the fluid. This formulation made the
quantity of heat addition or subtraction dependent upon the
flow path length. The main text demonstrates the accuracy of
CPF via example problems for adiabatic flow, Fanno line flow.
and Rayleigh line flow. Since Rayleigh line flow involves the
direct addition or subtraction of specified quantities of heat
(independent of path length), the Rayleigh line flow example
problem could not be solved directly. Instead, fixed values
of wall temperature and heat transfer coefficient were assumed,
and the path length (heat transfer area) was varied until the
desired exit Mach number was reached. The calculated exit
temperature and pressure were then compared with the closed-
form Rayleigh line solution values.

This appendix describes a feature of CPF in which a direct
heat generation term (energy per unit mass) added to the energy
equation allows the direct solution of the Rayleigh line flow
problem. This added feature can also be used to account for
heat of vaporization (CPF allows the user to specify gas fluid
properties other than those for air). In addition, the revised
code can be used to calculate and compare results from heat
transfer tests, where known quantities of heat are often added
(e.g.. via electric heater strips).

This appendix also describes the input and output of the
modified code. An illustrative example is given to show the
effects of both positive and negative heat generation. The
formulation of the energy and marching equations is given with
the heat generation term added. CPF is available through
the Computer Software Management Information Center
(COSMIC), University of Georgia, Athens, Georgia, 30602.

Input

The modified code contains one new input variable, the heat
generation per unit mass, Q(I). It is an interval variable and
must be specified for each interval. The units are British
thermal units per pound mass (Btu/lbm) in the U.S. customary
system or joules per kilogram (J/kg) in the International
System of Units (SI). The heating term is defaulted as 0.0.

If Q = 0.0, we are simply left with the original code. The input
value for heat generation is echoed in the output listing, where
it is located immediately before the geometric output. Correct
units (U.S. or SI) are included.

Derivation of Energy Equation

The momentum equation is the same as that given in the
main text, but the energy equation has an added heat generation
term. The energy equation is derived as follows:

Wt dw
—_—
vV +dVv., h+gh

As shown in the sketch, the change in energy flow rate
equals the sum of the heat fluxes by external sources:

2 2
o0 + dw) {(h + dh) + [de_’/)B - »'v(h +%)

. Vi .
-~ dw<hmj + 2‘") > =hP (T, ~ To) dx + g

Expanding and neglecting second-order terms gives

N . . Vzd' . Vz-d.v
wdh + WV dV + hdw e dw_J%

= hP (T, = T\ dx + wg

Grouping terms gives

wdh+ wVdV + (h - hi)dw + <? - TmJ—)dw

= hrP (Tw - T;iw)dx + Wq



Substituting # = C,T and V = wRg T/pA gives Solving equation (E1) for dT/dx yields

: v’Rg T vRg, T . vR*IT\ dT _
WC, dT + 28 g 28 we, 4 W RET ~C,T+ CpiTn
pA pA piAt dx
wiR%ITT VL - wRGITT Vi WRIT
+{GT— G+ —5 52—, |4 T ST ia
2p A 2 2p-A 2 p-A

wR>g2T? dp

W R>g2T? dA

= h (T, — To) dx + g

dw
dx

piA* dx plA®  dx
o . wq
Dividing by dx yields + h(‘P(T,‘, -T, ) + e
X
. . dT wRg.T d [wRg.T L . I ,
wC, — + — Dividing by wC, and substituting P = 44/D,, gives
dx pA  dx pA
2 X ‘2p2 © 5 20
VIR i) dw “Rg:T\ dT T  C,iniTi Rg:T-
CT CP'“JTmJ+ : g( - IJ —‘1 1+—"7 3g -—-+ [‘HJ. ) —“ g‘a B
2p? dx pAC, dx W Cw 2C,p°A”
= h(P(Tw - Taw) + —q (El) + Vrnj _ ‘i‘R-gET“ ﬂ
26w CpiA® ) dx
Expanding the second term gives + wRIT? dp WRGT? dA
C,,p3A3 dx C,,p:A3 dx
4 <*“’RgvT> _ReTdv  wRg dT LT =T | g
dx \  pA pA dx pA dx C[,\i*D,, C, dx
wRg T dp  wRg.T dA
- pA e pA? dx From the momentum equation
w o W W
_2(;>R&T LV | (;) Rg. ar (;) Re.T 44 4fR&T(;> Nrp dr
pA A dx p dx pA dx 2pD, Rg T dx
dp
dx W :
| (%) e
- 2
p
From the energy equation
T, G W (Ri( LV _w (Red\law 1 (WReTN'dp L (WRgT\'dd | hdA(T = Tw) 4
IT w G, w 2C, \ pA 26w C, \ pA dv  Cyp pA dx  CA pA dx CwD, G, dx
(

d.l (W)2 \
=) R

pC,
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Substituting d7/dx into dp/dx gives

@ — L Cl i Rg(T ? + I _ C‘p,inj.Tinj
dx C2 : 2CI’ PA W C,:W

2(j>Rg"T} dw

LA
dx

2wC p A pA

v

(]V})ngvT Cl (»;ngCTy dA

+ P U —
pA dx

pA G4

5

. Wy
2ng"T(Z) Nrp dr
pD, Rg T dx

4h A(T, — T,)Cl  Clg

wC,D, TG, dx
where
.
(%) Re.
Cl = ;
() meir
p | + S
pC,
Wy
1) ReT o1 [wRe. T\’
L_< £1)
p- rC, pA

This value of dp/dx is then substituted into the energy equation
to give dT/dx. The solution is then marched from node to node
as described in the main text.

Example Problem

The example given here is a reworked and expanded
example 3 from the main text. It is the Rayleigh line flow
problem, which could not be solved directly with the original
code. It involves adding heat (1329.288 kJ/kg) between stations
I and 2 and subtracting the same amount of heat between
stations 2 and 3. In the main text only heat addition is shown.
This example doubles the length of the duct, demonstrates that
heat subtraction is also allowed by the code, and shows how
closely the end solution matches the input conditions when an
equal amount of heat is added and subtracted. For this example
equal numbers of slices were used for the heated interval

34

(station 1 to 2) and the cooled interval (station 2 to 3) shown
in the following sketch:

/ |
1 / 2 Y 3

in Gout
INTERVAL 2-3 IS A MIRROR [MAGE OF INTERVAL 1-7

The problem can be stated as follows:

qin = ~Gout

The intervals are of equal length and diameter. Begin with
set initial conditions: Py, Ty, 4, v. D, w, and M,. Add heat,
Gin = 1 329 288 J/kg, between station 1 and station 2. Take
away heat, g, = —gj,, between station 2 and station 3 to see
if this gives (within computational error) the original input
values.

From Shapiro (ref. 15) the closed-form solution is as
follows:

Solve for Tj:
din = C,:(Toz - T()I)

Iterate for M-:

n g (L) L

To M} (14 ymi)’ 1+7:1M3
| 2 !

Solve for p,, py, and Ts:

pr_ L+ My

3

P L+ yMs

(142 aggpro
Pox _ P2\ 2 -

Poi M Y=l \yia-n
(1 +TM,)

\

(1+yp3)’

nZM%U:;%f

"
X
ST

Results are shown in table E-I for 50, 100, and 125 slices
in each interval. Improvement is evident between 50 and 100
slices, but between 100 and 125 slices improvement is so slight
that additional slices cannot be justified.



(a) Heating in a duct

TABLE E-1.—COMPARISON OF RESULTS

Conditions at | Closed form | 50 Slices | 100 Slices | 125 Slices
duct midpoint
T’ 1625 1625 1625 1625
T, 1461 1461 1461 1461
Py’ 83.44 83.44 83.44 83.44
P 57.45 57.48 57.47 57.47
M, 0.750 0.7496 0.7497 0.7497

The input and output for the example problem are as follows:

EXAMPLE PROBLEM 2 HEAT GENERATION - ST UNITS

&DATT IECHO=0, IUNITS=1, IOPPRP=0,

IOPTW=0, WIN=.787355,

PTSP=100., TTSP=300., KTIN=0.0,

RG=287.0, RPM=D.0,
G=1.40, CP=0.23978, XMU=1,BE-4, XK=0.6E-4
NI=2, ZIN=0.0, RIN=0.0, YIN=0.0, AIN=10.,

'DHIN=3.56825,

Z=10.0, 20.0, R=2%0.0, Y=2%0.0, NSLI=2%50, A=2%10., HC=2%0.0,
DH=2%3.56825, F=2%0.00, TW=2%533., Q=1329287.692, -13292B7.692 REND

&DATT HSLI=2%100 8&END
8DATT NSLI=2%125 &END

EXAMPLE PROBLEM 2 HEAT GEHERATION - SI UNITS

SI UNITS

USER SPECIFIES PHYSICAL PROPERTIES (G, CP, MU AND KD

COOLANY FLOW RATE IS SPECIFIED

ROTATIONAL SPEED IS O0.0C0E+00 RPM

DUTPUT IN ORIGIHAL NDDE/INTERVAL FRAME OF REFERENCE

IHNPUT SLICES SLICE SPECIFIED HEAT
HODE IN HO. IN INTERVAL
NO. INTERVAL (J/XG)
1 50 S0 0.13293E+07
2 50 100 -0.13293E+07
1 OPTIONS (IODPT) Z R Y
FI MT FF CR (CM) M {(CM)
0.CG000E+00 0©.0000E+00 (0.0000E+00
1 0 0 0 0 0.1000E+02 O0.0000E+00 0.0000E+00
2 0 0 0 0 0.2000E+02 O0.0000E+00 0.0000E+00
1 T 1T P PT
(x) (K> (N/CHX%2) (N/CMx%2)
0.2976E403 0.3000E+03 0.9725€E+402 0,1000E+03 ©
1 0.1461E406 0.1625E+06 0.574B8E+02 0.B3GGE+02 0
2 0.2976€E+03 0,3000E+03 0.9724E+02 0.9999E+02 0
RE PR ST NU
1 0.1561E+07 0.7194E+00 0.0000E+00 0.0000E+00 O
2 0.1561E407 0.7194E+00 0.0000E+00 0.0000E+D0 ©

A
(CMxx%2)
0.1000E402
0.1000E+02
0.1000E+02
W
(KG/S)
L7874E400 0
.7B74E+00 0O
.7B74E+00 0
I3
.G000E+00 O
.0D00E+00 O

(b) Cooling in a duct

ORTINAL PAGE IS
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Conditions in | Closed form | 50 Slices | 100 Slices | 125 Slices
duct exit
T3 300 300 299.9 299.9
T 297.6 297.6 297.5 297.5
P’ 100 99.99 99.99 99.99
P 97.25 97.24 97.24 97.24
M, 0.2000 0.2000 0.2000 0.2000
DH ™ DX XT0T KT  NSLI
(cH) ) (cH) (cuy
0.3568E+01 0.0000E+0D
0.3568E+01 0.5336CE+403 0.1000E+02 0.1000E+02 0.0000E400 50
0.3568E+01 0.5330E403 0.1000E402 0.2000E+02 0.0000C+0C 50
v M GAMMA ce vIsc. TH. CHDY.
(M/S) CAL/(GR-K) GR/(CM-S) CAL/(CH-5-K)
L691SE+02 0.2000€+400 0.14DE+01 0.240€+00 0.180E-03 0.600E-04
'5743E+03 D.7496E+00 0.140E+D) 0,.240E+00 0.180E-03 (0.6DDE-04
"5915E+02 0.20G0E+00 0.140E+01 0.260E+00 O0.180E-03 0.600E-04
FCOR HC HCCOR HCCORC HTACOR TAW
(CAL/CMX%2-S-K) (K)
_1000E+D1 0.000DE+00 1.0000 1.0000 1.0000 0.1595C+06
"1000E+D1 0.0COUE+00 1.0000 1.0000 1.0000 ©0.3129E+403

(%)
N



EXAMPLE PROBLEM 2 HEAT GENERATION - SI UNITS

SI UNITS
USER SPECIFIES PHYSICAL PROPERTIES (G, CP, MU AND K)
COOLANT FLOW RATE IS SPECIFIED

ROTATIONAL SPEED IS

0.000E+00 RPM

OUTPUT IN ORIGIHNAL NODE/INTERVAL FRAME OF REFEREMNCE

INPUT SLICES SLICE SPECIFIED HEAT
HODE IN ND. IN THTERVAL
HO. IKTERVAL (J/KG)
1 100 la0 0.13293€E+07
2 100 200 -0.13293E+07
I OPTIONS C(IOPT) 4 R Y A DH TW bX XTOT KT NSLT
FI HT FF CR (CM) (CH) oM (CMx%2) [qoti)) (K) (CM) (CH)
0.000CE+00 0.0000E+00 O.0000E+00 0.1000E+02 0.3568E+01 0.0000E+00
1 0 0 0 0 0.1000E+02 0.0000E+0C O0.0000E+00 0.1000E+02 0.3568E+01 0.5330E+93 0,1000E+02 0.1000E+02 0.DGODE+00 100
2 0 0 1] 0 0.2000E+02 0.0000E+00 O0.0000E+00 0.)000E+02 0.3568E+01 0.5330E+03 0.1D00E+02 0.2000E+02Z 0.0000E+00 100
I T 1T P PT W v M GAMMA cp VISC. TH. CHDY.
K) 4.9 (H/CHx%%2) (N/CMx%2) (KG/S) (M/5) CAL/{GR-K) GR/(CM-S) CAL/(CM-S-K)
0.2976E+03 0.3000E+03 0.9725E+02 0.1000E+03 0.7874E+00 0.6915E+02 0.2000E+00 0.140E+01 ©0.26460E+00 0.180E-03 0.6400E-04
1 0.1661E+0G 0.1625E+04 0,5747E+402 0.8344E+02 0.7874E+400 0.5743E+03 0.7497E400 O0.140E+01 0.240E+00 0.180E-03 0.600E-06
2 0.2975E+03 0.2999E+03 0.9724E+02 0.9999E+02 0.7874E+00 O0.6914E+02 0.2000E+00 O0.140E+0l 0.260E+00 O0.180E-03 G0.600E-04%
RE PR ST RU F FCOR HC HCCOR HCCORC HTACDR TAW
(CAL/CHx%%2-5-K) (K)
1 0.1561E+07 0.7196E+00 0.0000£E+00 O0.0000E+00 0.0000E+00 O.1060E+01 0.0000E+00 1.0000 1.0000 1.0000 0.1662E+09%
2 0.1561E+07 0.7194E+00 0.0000E+00 0.0000E+00 0.0000E+00 ©0.1000E+01 0.0000E+00 1.0000 1.0000 1.0000 0.3063E+03
EXAMPLE PROBLEM 2 HEAT GENERATION - SI UNITS
ST UNITS
USER SPECIFIES PHYSICAL PROPERTIES (G, CP, MU AND K)
COCOLANT FLOW RAYE IS SPECIFIED
ROTATIONAL SPEED IS O0.000E+00 RPM
OUTPUT IN ORIGINAL NDDE/INTERVAL FRAME OF REFERENCE
INPUT SLICES SLICE SPECIFIED HEAT
HODE IN Ho. IN INTERVAL
NO. INTERVAL (J/KG)
1 125 125 0.13293E+07
2 125 250 -0.13293E+07
I OPTIOHS (IOPT) 4 R Y A DH v DX XTQT KT NSLI
FI HT FF CR (Cta) (Ci) (CH) (CMxX%2) (CM) KD (cH) Ci)
0.0000E+00 0,0000E+00 0.0000E+D0 0.1000E+02 0,3568E+01 0.0000E+00
1 0 0 0 0 0.1000E+02 0.0000E+00 0,0000E+00 0.1000E+02 0.3568E+0} 0.5330E+403 0.1000E+02 0.1N0NE+02 0.0000E+00 125
2 0 0 0 0 O0.2000E+02 0.0000E+00 0.0000E+00 0.1000E+02 0.356BE+01 0.5330E+03 0.9999E+01 0.2000E+02 0.000DE+0C 125
1 T 1T P PT W v " GAMMA ce VIsSC. TH. CHDT.
(K) K) (H/CHx%2) (N/CMxXx2) (KG/S)H {M/35) CAL/(GR-K) GR/(CM-S) CAL/(CM-5-K)
0.2976€E+03 0.3000E+03 0.9725€402 0.1000E+03 0.7874E+00 0.6915E+402 0.2000E+00 O0.140E+01 0.240E+D0 0.1B0E-03 0.400E-04
1 0.1461E+04 0.1625E+404 0.5747€+02 0.8344E+02 0.7876E+00 O0.5744E+03 0.7497E+00 0.140E+401 0.240E400 O0.)JBOE-03 0.600€E-04
2 0.2975E+03 0.2999E+03 0.9724E+02 0.9999E+02 0.787GE+00 0.691GE+02 0.2000E+00 0.140E+D) 0.260E+00 0.180E-03 0.600E-04
RE PR ST NU F FCOR He HCCOR HCCORC HTACOR TAW
(CAL/CHMx%2-S-K) (K>
1 0.1561E+407 OG6.7196E+00 0.0000E+00 0.0000E+00 O0.00D0E+00 0.}1000E+01 0.00N0E4+00 1.0000 1.0000 1.0000 0.1603LE+04
2 0.1561E+07 0.7194E+00 0.000CE+00 ©.0GO00E+0D0 0.0000E+G0 O0.1000E+01 0.CDDOE+0D 1.0000 1.0000 1.0000 0.3049E+03

ORIGINAL PAGE IS
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